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INTRODUCTION 


* 


Background  and  Preliminary  Data 

Ovarian  cancer  remains  the  5th  most  frequent  cause  of  death  from  cancer  in  women. 
Indeed,  the  current  cure  rate  for  ovarian  cancer  is  under  40%,  not  substantially  different 
from  that  in  the  1950s.  This  abysmal  prognosis  occurs,  in  most  part,  due  to  ovarian 
cancer  being  diagnosed  at  a  late  stage  where  current  therapies  are  ineffective. 
Unfortunately  more  than  75%  of  patients  are  diagnosed  when  the  disease  has  spread 
beyond  the  pelvis.  Thus  a  method  to  detect  ovarian  cancer  at  an  early  curable  stage 
has  the  potential  to  provide  an  immediate  and  major  impact  on  this  devastating  disease. 
This  is  particularly  important  for  individuals  at  high  risk  either  because  of  a  strong  family 
history  or  proven  abnormalities  in  BRCA1  or  BRCA2. 

The  identification  of  secreted  molecules,  which  contribute  to  the  pathophysiology  of 
ovarian  cancer,  provides  a  major  opportunity  to  identify  markers  that  could  contribute  to 
early  diagnosis.  We  have  demonstrated  that  the  most  potent  growth  factor  activity  in 
ascites  of  ovarian  cancer  patients  consists  of  multiple  forms  of  lysophosphatidic  acid 
(LPA).  LPA  increases  proliferation,  prevents  apoptosis  and  anoikis,  increases 
invasiveness,  decreases  sensitivity  to  cisplatin  (the  most  effective  drug  in  ovarian 
cancer),  and  increases  production  and  activity  of  multiple  growth  factors,  proteases  and 
mediators  of  angiogenesis.  Thus  LPA  contributes  to  the  pathophysiology  of  ovarian 
cancer.  We  and  others  have  subsequently  demonstrated  that  multiple  additional 
bioactive  lysophospholipids,  including  lysophosphatidylcholine  (LPC), 
sphingosylphosphorylcholine  (SPC),  sphingosine  1  phosphate  (SIP)  and 
lysophosphatidylserine  (LPS)  exhibit  pleiomorphic  effects  on  ovarian  cancer  cells. 

Ascites  from  ovarian  cancer  patients  contains  high  levels  of  lysophospholipids 
including  multiple  forms  of  LPA,  lysophosphatidylinositol  (LPI),  LPC,  SPC  and  SIP. 
Reports  from  our  and  other  laboratories  indicate  that  plasma  and  sera  from  ovarian 
cancer  patients  contain  aberrant  levels  of  these  lysophospholipids.  This  suggests  that 
an  efficient  method  to  determine  levels  of  lysophopholipids  in  serum  or  plasma  could 
provide  an  effective  method  to  screen  for  ovarian  cancer. 

Over  500  species  of  lysophospholipids  are  present  in  plasma  and  serum.  Currently, 
lysophospholipids  are  quantified  by  lipid  extraction  of  a  serum  sample  followed  by  Mass 
spectrometry  (MS).  While  MS  analysis  is  highly  accurate,  the  methodology  has  limited 
throughput  for  large-scale  screening  of  patient  samples.  Further,  the  need  to  use 
organic  solvents  to  prepare  specimens  for  MS  limits  the  quantitation  and  the 
applicability  of  the  method.  Surface-enhanced  laser  desorption  and  ionization  time  of 
flight  (SELDI  tof)  mass  spectroscopy  analyses  of  “markers”  diagnostic  of  ovarian  cancer 
have  identified  a  number  of  candidates  with  mass/charge  ratios  of  underlOOO, 
suggestive  that  these  could  be  lysophospholipids  rather  than  peptides.  Identification  of 
these  markers  required  the  global  unbiased  analysis  of  many  different  molecules  in 
serum  combined  with  powerful  algorithms  designed  to  identify  patterns  indicative  of  the 
presence  of  cancer. 

We  propose  to  apply  two  novel  technologies  to  the  development  of  a  high 
through-put  technology  suitable  for  screening  for  ovarian  cancer  in  high  and  low  risk 
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women.  The  first  of  these  is  a  novel  approach  to  the  development  of  antibodies  to 
specific  phospholipids  and  lysophospholipids  and  the  second  of  these  is  SELDI  tof 
mass  spectroscopy.  These  two  technologies  will  be  merged  with  powerful  bioinformatics 
tools  to  develop  heuristic  algorithms  capable  of  detecting  ovarian  cancer  at  an  early, 
curable  stage.  This  approach  will  benefit  from  the  expertise  of  the  Mills  laboratory  (LPA 
screening,  SELDI  tof)  with  that  of  the  Prestwich  laboratory  (lipid  synthesis  and  antibody 
development). 

To  develop  efficient  methods  for  analysis  of  lysophospholipids  in  ovarian  cancer 
patients,  we  will: 

1.  Assess  the  efficacy  of  novel  LPA/PA  lipid  antibodies  developed  by  our 
group  in  capture  and  analysis  of  LPA/PA  directly  in  serum  and  plasma 
using  SELDI-tof 

2.  Determine  whether  non-specific  matrices  (hydrophobic  Cl 6,  anionic 
SAX2)  can  be  used  to  directly  determine  phospholipid  and 
lysophospholipid  levels  using  SELDI-tof 

3.  Develop  additional  anti  lysophospholipid  antibodies  and  determine  their 
utility  in  analysis  in  Seldi-tof 

Significance:  Over  75%  of  ovarian  cancer  patients  are  diagnosed  when  the  disease 
has  spread  beyond  the  pelvis.  At  this  stage  of  disease,  the  cure  rate  is  under  15%.  This 
is  in  contrast  to  the  cure  rate  for  early  stage  ovarian  cancer,  which  can  approach  90%. 
Thus  any  approach  that  can  allow  diagnosis  of  ovarian  cancer  at  an  earlier  curable 
stage  has  the  potential  to  have  a  marked  impact  on  this  devastating  disease. 
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Statement  of  Work 

Task  #1  Assess  the  efficacy  of  novel  LPA/PA  lipid  antibodies  developed  by  our 
group  in  capture  and  analysis  of  LPA/PA  directly  in  serum  and  plasma  using 
SELDI-tof  (months  1-24) 

This  specific  aim  was  dependent  on  the  production  of  anti-lipid  antibodies  and 
identification  of  LPA  and  PA  binding  proteins  for  selective  capture  of  these  ligands  from 
serum  and  ascites.  Recently,  we  have  experienced  difficulty  in  achieving  selective  lipid 
binding  by  anti-lipid  antibodies,  scale-up  production  issues,  and  problems  in  obtaining 
homogenous,  healthy  anti-lipid  producing  clones  using  the  approaches  proposed  in  the 
application.  As  noted  below  however  we  have  been  working  with  Roger  Sabadini  at 
UCSD  with  an  anti  SIP  antibody.  We  have  now  adapted  the  approach  that  he  used  to 
develop  the  anti-SIP  antibody  and  are  now  developing  anti  LPA  antibodies  with  this 
approach. 

Last  year  we  broadened  the  initial  aim  to  include  discovery  of  additional 
lysophospholipid  and  lipid  binding  proteins  that  could  be  readily  produced  as 
recombinant  proteins  and  engineered  to  have  particular  useful  lipid  binding 
characteristics.  To  this,  end,  we  have  employed  our  tethered  LPA  and  PA  reagents, 
used  earlier  for  ant  lipid  antibody  elicitation,  to  make  affinity  resins  for  identification  of 
novel  LPA  binding  proteins  from  fibroblasts  and  cancer  cells.  The  same  modifications 
are  in  process  for  LPC,  PC,  LPI,  and  PI  lipids.  To  identify  new  lysophospholipid  binding 
proteins,  a  MS  proteomics  collaboration  was  established  with  Drs.  J.  Gettemans  and  J. 
Vanderkerckhove  at  the  University  of  Ghent  (Belgium).  This  collaboration  has  the 
benefit  of  discovering  novel  proteins  in  the  LPA  signaling  pathway,  which  are  likely  to  be 
important  as  diagnostic  markers  in  their  own  right,  as  well  as  being  important  reagents 
for  the  proposed  SELDI-MS  capture  method.  The  collaboration  has  been  broadened 
with  other  lysophospholipids  as  the  reagents  have  become  available.  The  engineering 
of  new  specificities  by  mutagenesis  will  be  incorporated  later  in  this  program,  following 
identification  of  scaffold  lipid-binding  proteins  and  determination  of  their  3D  structures. 

While  we  have  been  preparing  affinity  matrices  and  antibodies,  we  have  prepared  a 
large  number  of  LPA  analogs.  These  LPA  analogs  will  serve  a  control  in  the  assays  and 
also  as  markers  for  the  analysis.  Thus  once  the  antibodies  or  affinity  reagents  are 
identified,  we  will  be  able  to  move  this  forward  much  more  quickly  (note  the  modified 
time  lines). 

Although,  there  has  been  difficulty  in  development  of  sufficient  amounts  of  LPA/PA 
antibodies  for  this  aim,  we  have  obtained  a  high  affinity  pan  SIP  antibody  from  Dr. 
Roger  Sabadinni  at  UCSD.  This  antibody  binds  all  forms  of  SIP  and  demonstrates 
efficacy  in  determining  SIP  levels  using  ELIZA.  Our  recent  data  indicates  that  there  are 
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only  one  major  form  of  SI  P  in  ovarian  cancer  patients.  We  have  thus  proceeded  with 
the  anti  SIP  antibodies  as  a  first  analysis. 

Figure  1 


As  can  be  seen  from  the 
competitive  ELISA,  the  anti- 
S1 P  antibody  interacts  with 
SIP  and  dihydroSIP  and 
modestly  with  SPC.  It  does  not 
interact  with  other 
lysophospholipids.  Given  that 
the  concentrations  of  SPC  and 
dihydroSIP  in  plasma  are  low, 
the  ELISA  reliably  measures 
SIP  levels. 


Figure  2 


Figure  3 


Above  is  a  competition  ELISA  with  known  amounts  of  SIP  demonstrating  the  linearity  of  the 
curve  in  phosphate  buffered  serum  or  human  serum. 

Figure  4 


Competition  ELISA: 
Patient  Ascites  7-9-04 


44AS6  62AS4  45AS3  29AS2  36AS3  Human 

Sample  number  Serum 


This  is  a  competition  ELISA  with  patient  ascites  samples  as  an  example.  Lower  values  represent 
higher  amounts  of  SIP.  Thus  all  of  the  model  samples  were  elevated  compared  to  human  serum 
arguing  that  the  approach  will  be  able  to  detect  and  quantify  SIP  in  serum  and  in  ascites. 
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Either  the  LPA  binding  protein  or  LPA  antibody  approaches  are  expected  to  be 
successful.  We  will  proceed  with  the  tasks  listed  herein  with  the  SIP  antibodies.  Note 
the  shortened  time  lines  from  the  original  application  based  on  current  progress. 


1.1  Couple  antibodies  to  Seldi-tof  matrices  (Months  1-4) 

Invalidate  Seldi  tof  analysis  with  model  lysophospholipids/phospholipids  (Month  5) 

invalidate  Seldi  tof  analysis  with  sera  and  plasma  with  known  lipid  composition 
(Months  6-8) 

1.4Validate  quantification  of  Seldi  tof  analysis  with  stable  isotope  labeled 
lysophospholipid/lipid  spiked  into  plasma  and  serum  (Months  8-10) 

invalidate  Seldi  tof  analysis  with  teaching  and  training  set  of  serum  and  plasma 
samples  from  ovarian  cancer  patients  (Months  10-12) 

Each  of  the  subsequent  steps  in  this  Task  will  be  dependent  on  the  successful 
completion  of  the  preceding  Task 

Task  #2  Determine  whether  non-specific  matrices  (hydrophobic  C16,  anionic 
SAX2)  can  be  used  to  directly  determine  phospholipid  and  lysophospholipid 
levels  using  SELDI-tof 

We  have  made  significant  process  in  this  task.  We  have  applied  model 
lysophospholipids  to  matrices  and  demonstrated  an  ability  to  detect  the  model 
lysophospholipids  in  sera.  We  can  readily  detect  0.2nmol  of  LPA  and  other 
lysophospholipid  isoforms  in  a  single  spot  using  the  SELDI  matrix.  Total  LPA  levels  in 
plasma,  sera  and  ascites  are  between  lOOnM  and  80pM.  These  are  readily  detectable 
requiring  a  maximum  of  2ml  of  plasma,  and  very  low  amounts  of  sera  and  ascites. 
However,  in  order  to  detect  isoforms  of  LPA  that  may  be  present  at  much  lower 
concentrations,  we  would  need  however  as  much  as  7m!  of  plasma  loaded  on  to  the 
current  matrix.  Thus  we  are  now  assessing  different  matrices  and  washing  conditions. 
Nevertheless,  7  ml  of  plasma  could  be  obtained  from  patients  for  analysis.  This  will 
require  a  pre  purification  step  before  loading  onto  the  Seldi  matrix.  This  is  currently  in 
progress. 

We  have  proceeded  with  prepurification  approaches  and  have  identified  a  number  of 
approaches  that  work  well  to  produce  LPA  from  fetal  bovine  serum.  We  have  completed 
the  IRB  requirements  and  are  proceeding  with  the  studies  as  indicated  below.  Once 
again  we  have  been  able  to  compress  the  time  lines  due  to  the  preliminary  studies  that 
have  been  done. 
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PA  and  LPC  are  present  at  much  higher  levels  than  LPA,  allowing  ready  detection.  LPI 
and  LPE  are  present  at  similar  levels  to  LPA  suggesting  that  the  approach  is  on  target 
and  will  be  able  to  detect  the  multiple  different  lipids  present  in  plasma,  sera  and 
ascites. 

This  year  Dr  Tanaka  and  colleagues  (Tanaka  et  al  2004)  demonstrated  that  a  Maldi 
time  of  flight  mass  spec  approach  similar  to  that  proposed  in  this  application  can  detect 
LPA  in  egg  white  and  further  that  it  could  be  used  to  detect  material  in  blood.  The 
approach  used  a  phosphate  affinity  matrices  and  a  mass  shift  associated  with  a  zinc 
complex.  However,  just  as  we  have  noted  in  the  first  report,  the  approach  requires 
prepurification  of  LPA  from  the  complex  mixture  in  order  to  apply  enough  to  the  plate. 
The  ability  to  detect  LPA  and  also  to  determine  the  fatty  acid  chain  mixture  is 
compatible  with  an  approach  to  make  this  an  efficient  method  to  detect  and  quantify 
LPA.  The  ability  to  quantify  and  characterize  the  various  species  of  LPA  showed 
acceptable  CVs  for  development  of  a  clinical  grade  assay. 

The  detection  approach  of  cocrystalizing  LPA  and  Zn  is  an  improvement  of  the 
approach  proposed  here  and  will  be  implemented  in  our  ongoing  studies. 

We  have  adopted  a  similar  extraction  approach  using  calf  serum  as  a  control.  Calf 
serum  is  mixed  with  chloroform,  methanol  KCL  and  ammonia  hydroxide  and  allowed  to 
phase  separate.  The  LPA  is  moved  from  one  phase  to  another  using  pH  2  HCL. 

2.1  Identify  and  obtain  matrices  for  analysis  (months  1-4) 

2.2  Determine  conditions  for  binding  of  lysophospholipids/phospholipids  (months  5-6) 

2.3  Determine  conditions  for  washing  of  lysophospholipids/phospholipids  (months  5-6) 
2.4 Select  affinity  matrix  for  further  analysis  (month  7) 

2.5Validate  Seldi  tof  analysis  with  model  lysophospholipids/phospholipids  (Month  8) 

2.6Validate  Seldi  tof  analysis  with  sera  and  plasma  with  known  lipid  composition 
(Months  9) 

2.7Validate  quantification  of  Seldi  tof  analysis  with  stable  isotope  labeled 
lysophopholipids/phospholipids  spiked  into  plasma  and  serum  (Months  10) 

2.8Validate  Seldi  tof  analysis  with  teaching  and  training  set  of  serum  and  plasma 
samples  from  ovarian  cancer  patients  (Months  11-12) 


Task  #3  Develop  additional  anti-lysophospholipid/lipid  antibodies  and  determine 
their  utility  in  analysis  in  Seldi-tof 
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As  noted  above,  based  on  the  progress  described  above,  this  task  has  been 
incorporated  into  Task#1. 

The  laboratory  member  working  on  these  projects  left  the  laboratory.  A  new  PDF  Mandi 
Murph  has  been  hired  and  will  take  over  the  studies  in  the  next  few  weeks. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


1 .  Demonstrated  that  model  lysophospholipids  can  be  detected  at  concentrations 
present  in  patients  by  SELDI  tof 

2.  Developed  methods  to  prepurify  lipids  for  attachment  to  SELDI  plates 

3.  Obtained  sufficient  quantities  of  a  high  affinity  SIP  antibody  for  assessment  by 
SELDI  tof 

4.  Demonstrated  specificity  of  the  anti  SIP  antibody 

5.  Demonstrated  ability  to  quantitate  SIP  by  competitive  ELISA 

6.  Synthesized  and  characterized  a  large  set  of  LPA  analogs 

7.  Initiated  identification  of  high  affinity  lysophospholipid  binding  proteins. 


REPORTABLE  OUTCOMES 

None 


CONCLUSIONS 

Overall,  there  has  been  significant  progress  in  achieving  the  aims  of  the  proposal.  We 
have  obtained  a  high  affinity  SIP  antibody  and  are  linking  it  to  appropriate  matrices.  We 
have  demonstrated  utility  of  the  anti  SIP  antibody  in  competition  ELISA  assays.  We 
have  developed  approaches  to  develop  anti-LPA  antibodies  with  Dr.  Sabadini.  We  have 
demonstrated  that  Seldi  Tof  has  the  ability  to  detect  the  amounts  of  lysophospholipids 
present  in  plasma,  sera  and  ascites.  The  proposed  improvements  in  the  approach 
should  increase  the  sensitivity  of  the  assay  to  allow  the  detection  of  different  isoforms  in 
plasma.  Increased  sensitivity  is  not  required  for  sera  or  ascites. 
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Abstract  The  completion  of  the  human  genome  project,  the  evolution  of  transcriptional  profiling  and  the 
emergence  of  proteomics  have  focused  attention  on  these  areas  in  the  pathophysiology  and  therapy  of  cancer.  The  role  of 
lysophospholipids  as  potential  mediators  in  cancer  pathophysiology,  screening  and  management  has  taken  a  major  leap 
forward  with  the  recent  cloning  of  several  enzymes  involved  in  the  metabolism  of  lysophospholipids.  Lysophospholipids, 
although  small  molecules,  contain  a  high  "informational"  content.  Differences  include  the  nature  of  the  phosphate  head 
group,  the  regiochemistry  of  the  fatty  acyl  chain  on  the  glyceryl  backbone,  the  presence  of  ether  versus  ester  linkages  to  the 
backbone,  and  the  length  and  saturation  of  the  fatty  acyl  or  alkyl  chain.  This  informational  content  is  sufficient  to  result  in  a 
marked  structure  function  activity  relationship  at  their  cognate  receptors.  Thus  the  emerging  discipline  of  "functional 
lipidomics"  is  likely  to  prove  as  important  as  genomics  and  proteomics  in  terms  of  early  diagnosis,  prognosis,  and  therapy. 
Lysophospholipid  levels  are  elevated  in  vivo  in  a  number  of  pathophysiological  states  including  ascitic  fluid  from  ovarian 
cancer  patients  indicating  a  role  in  the  pathophysiology  of  this  devastating  disease.  Although  controversial,  levels  of 
specific  lysophospholipids  may  be  altered  in  the  blood  of  cancer  patients  providing  a  potential  mechanism  for  early 
diagnosis.  Several  of  the  enzymes  involved  in  the  metabolism  of  lysophospholipids  are  aberrant  in  ovarian  and  other 
cancers.  Further,  the  enzymes  are  active  in  the  interstitial  space,  rendering  them  readily  accessible  to  the  effects  of 
inhibitors  including  antibodies,  proteins,  and  small  molecules.  In  support  of  a  role  for  lysophospholipids  in  the 
pathophysiology  of  cancer,  expression  of  receptors  for  lysophospholipids  is  also  aberrant  in  cancer  cells  from  multiple 
different  lineages.  All  of  the  cell  surface  receptors  for  lysophospholipids  belong  to  the  G  protein  coupled  receptor  family. 
As  over  40%  of  all  drugs  in  current  use  target  this  family  of  receptors,  lysophospholipid  receptors  are  highly  "druggable." 
Indeed,  a  number  of  highly  specific  agonists  and  antagonists  of  lysophospholipid  receptors  have  been  identified.  A  number 
are  in  preclinical  evaluation  as  therapeutics.  We  look  forward  to  the  next  several  years  when  the  role  of  lysophospholipids 
in  physiology  and  the  pathophysiology  and  management  of  cancer  and  other  diseases  are  fully  elucidated.  J.  Cell. 
Biochem.  92:  1115-1140,2004.  ©  2004  Wiley-Liss,  Inc. 
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Overview 

Lysophosphatidic  acid,  the  simplest  phospho¬ 
lipid,  exhibits  a  broad  spectrum  of  activity  in 
many  different  cellular  lineages  and  contri¬ 
butes  to  multiple  physiological  and  likely  to 
many  pathophysiological  processes  in  vivo  [see 
Fang  et  al.,  2002;  Graler  and  Goetzl,  2002; 
Lynch  and  Macdonald,  2002;  Mills  et  al.,  2002; 
Yang  et  al.,  2002a;  Feng  et  al.,  2003;  Luquain 
et  al.,  2003a;  Mills  and  Moolenaar,  2003;  Tigyi 
and  Parrill,  2003;  Xu  et  al.,  2003  for  reviews  and 
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elsewhere  in  this  issue],  LPA  mediates  it  effects 
by  binding  to  G  protein  coupled  receptors  with 
subsequent  activation  of  heterotrimeric  G 
proteins  and  downstream  events  including 
increases  in  cytosolic  calcium,  alterations  in 
cAMP  levels,  Rac  and  Rho  small  GTPases, 
activation  of  phospholipase  C,  protein  kinase 
C,  the  phosphatidylinositol  3  kinase  pathway, 
the  RAS  MAPK  pathway,  proteases  and,  by  as 
yet  somewhat  unclear  mechanisms,  tyrosine 
kinases  [Fang  et  al.,  2002;  Graler  and  Goetzl, 
2002;  Lynch  and  Macdonald,  2002;  Mills  et  al., 
2002;  Yang  et  al.,  2002a;  Feng  et  al.,  2003; 
Luquain  et  al.,  2003a;  Mills  and  Moolenaar, 
2003;  Tigyi  and  Parrill,  2003;  Xu  et  ah,  2003], 
This  latter  effect  is  likely  due,  in  part,  to  the 
activation  of  proteases  and  release  of  cell 
surface  growth  factors  with  subsequent  activa¬ 
tion  of  the  epidermal  growth  factor  receptor 
family  [Prenzel  et  al.,  1999;  Gschwind  et  al., 
2003],  There  are  four  different  LPA  receptors  so 
far  characterized  on  the  surface  of  mammalian 
cells,  three  members  of  the  Edg  family  of 
receptors  (LPA1,  2,  3  previously  known  as  Edg 
2,  4,  7,  respectively),  and  a  newly  identified 
receptor  LPA4  (previously  GPR23/P2Y9)  of  the 
purinergic  receptor  family  [Fang  et  al.,  2002; 
Graler  and  Goetzl,  2002;  Lynch  and  Macdonald, 
2002;  Mills  et  al.,  2002;  Yang  et  al.,  2002a;  Feng 
et  al.,  2003;  Luquain  et  al.,  2003a;  Mills  and 
Moolenaar,  2003;  Noguchi  et  al.,  2003;  Tigyi 
and  Parrill,  2003;  Xu  et  al.,  2003],  Through 
activation  of  these  GPCR  and  subsequent 
downstream  signaling,  LPA  induces  cellular 
proliferation,  cellular  differentiation,  regulates 
cell— cell  interactions,  inhibits  cell  death, 
increases  cellular  motility,  increases  invasive¬ 
ness,  increases  the  production  of  cytokines 
including  those  affecting  formation  and  main¬ 
tenance  of  new  vessels,  and  increases  the 
production  and  action  of  proteases  [Fang  et  ah, 
2002;  Graler  and  Goetzl,  2002;  Lynch  and 
Macdonald,  2002;  Mills  et  ah,  2002;  Yang  et  ah, 
2002b;  Feng  et  ah,  2003;  Luquain  et  ah,  2003a; 
Mills  and  Moolenaar,  2003;  Tigyi  and  Parrill, 
2003;  Xu  et  ah,  2003],  On  an  organism  level, 
LPA  is  implicated  in  complex  physiological 
states  such  as  immunological  competence,  brain 
development,  wound  healing,  coagulation,  and 
regulation  of  blood  pressure  [Fang  et  ah,  2002; 
Graler  and  Goetzl,  2002;  Lynch  and  Macdonald, 
2002;  Mills  et  ah,  2002;  Yang  et  ah,  2002a;  Feng 
et  ah,  2003;  Luquain  et  ah,  2003a;  Mills  and 
Moolenaar,  2003;  Tigyi  and  Parrill,  2003;  Xu 


et  ah,  2003].  LPA  has  recently  been  implicated 
as  a  physiological  ligand  for  PPARy,  a  member 
of  the  nuclear  hormone  receptor  superfamily 
[McIntyre  et  ah,  2002].  Recently,  LPA  was 
shown  to  induce  neointima  formation — a  pre¬ 
lude  to  atherosclerosis  in  humans — by  interac¬ 
tion  with  PPARy  in  a  rat  carotid  artery  model 
[Zhang  et  ah,  2004],  Importantly,  LPA  analo¬ 
gues  that  were  inactive  at  the  GPCRs  were 
potent  activators  of  PPARy  in  this  assay  [Xu  and 
Prestwich,  2002],  demonstrating  that  LPA 
acting  on  this  nuclear  transcription  factor  was 
both  necessary  and  sufficient  for  neointima 
formation. 

As  the  effects  of  LPA  are  pleiomorphic  and 
could  potentially  contribute  to  the  development 
of  multiple  pathophysiological  states,  under 
normal  circumstances  the  production  and 
degradation  of  LPA  is  in  a  tight  equilibrium 
with  normal  levels  of  LPA  being  in  the  100— 
200  nM  range  or  lower  [Xu  et  ah,  1998;  Xiao 
et  ah,  2000;  Shen  et  ah,  2001;  Aoki  et  ah,  2002; 
Baker  et  ah,  2002;  Sano  et  ah,  2002].  Levels  of 
LPA  are  elevated  during  wound  healing  and  in  a 
number  of  physiological  media  such  as  saliva 
and  ovarian  cyst  fluid  [Westermann  et  ah,  1998; 
Sugiura  et  ah,  2002].  The  physiological  func¬ 
tions  of  LPA  suggest  that  LPA  could  contribute 
to  a  number  of  pathophysiological  states  includ¬ 
ing  cancer,  autoimmune  or  immunodeficiency 
disease,  atherosclerosis,  and  ischemia  reperfu¬ 
sion  injury  [Fang  et  ah,  2002;  Graler  and  Goetzl, 
2002;  Mills  et  ah,  2002;  Yang  et  ah,  2002a;  Feng 
et  ah,  2003;  Luquain  et  ah,  2003a;  Mills  and 
Moolenaar,  2003;  Okusa  et  ah,  2003;  Tigyi  and 
Parrill,  2003;  Xu  et  ah,  2003].  Indeed  as  de¬ 
scribed  above,  the  physiological  responses  to 
LPA  parallel  events,  which  must  occur  for  the 
full  expression  of  the  malignant  phenotype  in¬ 
cluding  the  ability  to  invade  and  metastasize 
[Hanahan  and  Weinberg,  2000;  Fidler,  2003], 
Although  the  underlying  mechanisms  remain 
elusive,  aberrations  in  production  and  degrada¬ 
tion  of  LPA  have  been  identified  in  cancer  cells 
as  well  as  in  cancer  patients,  in  particular  in  the 
markedly  elevated  levels  of  LPA  in  the  ascitic 
fluid  of  ovarian  cancer  patients  and  in  autocrine 
activation  loops  in  ovarian  and  prostate  cancer 
[Shen  et  ah,  1998;  Eder  et  ah,  2000;  Fang  et  ah, 
2002;  Mills  et  ah,  2002;  Xie  et  ah,  2002; 
Feng  et  ah,  2003;  Mills  and  Moolenaar,  2003; 
Sengupta  et  ah,  2003],  In  combination  with 
alterations  in  LPA  receptor  expression  and 
potentially  receptor  function  in  multiple  cancer 
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lineages,  this  implicates  LPA  as  an  important 
mediator  in  the  pathophysiology  of  cancer 
[Goetzl  et  al.,  1999;  Fang  et  al.,  2002;  Mills 
et  ah,  2002;  Feng  et  ah,  2003;  Mills  and 
Moolenaar,  2003],  As  a  corollary,  LPA  produc¬ 
tion  and  degradation,  receptors  and  signaling 
are  high  quality  targets  for  therapy  [Feng  et  ah, 
2003;  Mills  and  Moolenaar,  2003]. 

LPA  Production 

LPA  is  a  critical  component  of  the  production 
and  remodeling  of  lipids  that  occurs  intracellu- 
larly.  Both  calcium-independent  phospholipase 
A2  (iPLA2)  and  calcium-dependent  PLA2 
(cPLA2)  contribute  to  this  process  intracellu¬ 
lar  ly  (Fig.  1).  Intracellular  LPA  can  activate 
the  PPARy  receptor,  however,  the  physiologic 
role  of  this  process  remains  to  be  clarified 
[McIntyre  et  ah,  2002;  Zhang  et  ah,  2004], 
Through  conversion  to  PA,  LPA  also  regulates 
membrane  curvature  and  formation  of  caveoli, 
which  are  critical  to  internalization  and  sorting 
of  signaling  complexes  [Schmidt  et  ah,  1999; 
Kooijman  et  ah,  2003],  The  unconventional  lipid 
lysobisphosphatidic  acid  (LBPA)  has  recently 
been  shown  to  induce  the  formation  of  multi- 
vesicular  liposomes  in  vitro,  and,  with  a  protein 
partner  Alix,  the  organization  of  endosomes  in 
vivo  [Matsuo  et  ah,  2004],  Thus,  by  activating 
intracellular  receptors  and  by  serving  as  a 
substrate  for  enzymes  such  as  endophilin  and 
LCAT,  LPA  plays  an  important  role  in  cellular 
functions  (Fig.  1).  Whether,  under  physiological 
conditions,  extracellular  LPA  migrates  to  the 
cytosol  in  sufficient  concentrations  to  contribute 
to  these  processes  or  whether  intracellularly 
produced  LPA  is  the  only  relevant  source 
remains  to  be  determined.  Further,  it  is  not 
clear  that  intracellular  LPA  is  exported  from 
the  cell  to  participate  in  intercellular  signaling. 
Indeed  a  series  of  secreted  and  ectoenzymes 
with  their  catalytic  surface  outside  the  cell 
appear  critical  to  the  production  and  metabo¬ 
lism  of  extracellular  LPA. 

As  noted  above,  under  physiological  condi¬ 
tions,  plasma  LPA  levels  are  maintained  at  low 
concentrations  in  the  range  of  100-200  nM  [Xu 
et  ah,  1998;  Xiao  et  ah,  2000;  Shen  et  ah,  2001; 
Aoki  et  ah,  2002;  Baker  et  ah,  2002;  Sano  et  ah, 
2002],  LPA  levels  in  plasma  represent  the 
steady  state  attained  by  separately  regulated 
rates  of  production,  degradation,  and  clearance. 
The  removal  of  LPA  from  the  bloodstream  is 
extremely  rapid,  suggesting  that  degradation  or 


clearance  is  very  efficient.  In  addition  to 
containing  low  levels  of  LPA,  inhibitory  factors 
in  plasma  limit  LPA  activity  and  production 
[Sano  et  ah,  2002].  Thus  the  bioavailable  levels 
of  LPA  in  plasma  may  be  below  those  able  to 
optimally  activate  LPA  receptors.  Nevertheless, 
plasma  contains  both  the  enzymes  and  the 
substrates  required  for  LPA  production  [Aoki 
et  ah,  2002;  Sano  et  ah,  2002].  Incubation  of 
plasma  at  37°C,  e.g.,  results  in  an  increase  in 
LPC  levels  and  a  concomitant  LPA  increase 
resulting  in  the  production  of  micromolar 
amounts  of  LPA  [Aoki  et  ah,  2002], 

Cellular  activation  such  as  occurs  during 
blood  clotting,  wound  healing,  or  inflammation 
increases  local  production  and  action  of  LPA. 
Serum,  in  comparison  to  plasma,  contains  much 
higher  levels  of  LPA  with  levels  being  between 
1  and  5  gm  [Aoki  et  ah,  2002;  Sano  et  ah,  2002], 
In  tissue  culture,  it  is  likely  that  continuous 
production  of  LPC  and  LPA  results  in  regenera¬ 
tion  of  LPA  over  time.  Indeed,  the  regeneration 
of  LPA,  a  potent  growth  and  survival  factor 
likely  accounts  for  the  quality  of  serum  as  a 
growth  media.  Platelets  were  initially  proposed 
to  be  the  main  source  of  LPA  in  serum  as  they 
can  produce  LPA  on  activation  [Gerrard  and 
Robinson,  1989].  However,  the  amount  of  LPA 
released  by  activated  platelets  is  insufficient  to 
explain  the  increase  in  LPA  levels  that  occur  on 
blood  clotting  and  likely  accounts  for  only  a 
small  portion  of  the  LPA  present  in  serum  [Aoki 
et  ah,  2002;  Sano  et  ah,  2002],  Further  the  fatty 
acyl  chain  composition  of  LPA  produced  by 
platelets  [Gerrard  and  Robinson,  1989]  16:0  > 
18:0  >  20:4  >  18:1  >  18:2  is  markedly  different 
from  that  present  in  plasma  (18:2  >18:1  = 
18:0  >  16:0  >20:4)  or  serum  (20:4  >  18:2  > 
16:0  =  18:1  >18:0)  [Sano  et  ah,  2002],  This 
suggests  that  different  molecular  processes 
regulate  production  or  degradation  of  LPA  by 
platelets  and  the  production  and  degradation  of 
LPA  that  occurs  in  plasma  or  during  the 
coagulation  process  that  produces  serum. 
LPA1  and  -2  demonstrate  selectivity  towards 
saturated  LPA  as  ligands,  whereas  LPA3  and  -4 
preferentially  bind  unsaturated  versions  of  LPA 
[Bandoh  et  ah,  1999;  Yang  et  ah,  2002a;  Noguchi 
et  ah,  2003;  Tigyi  and  Parrill,  2003].  Thus  the 
different  forms  of  LPA  produced  by  platelets 
and  during  coagulation  could  activate  different 
species  of  LPA  receptors  resulting  in  differen¬ 
tial  functions. 


intracellular  LPAAT 
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Fig.  1.  LPA  metabolism  pathways  the  major  intracellular  and  extracellular  pathways  of  production  and 
degradation  of  LPA  are  outlined.  Whether  intracellular  and  extracellular  LPA  are  independent  pools  or 
whether  there  is  exchange  between  these  pools  is  unknown.  Intracellular  and  extracellular  LPA  mediate 
different  but  important  functions  that  could  contribute  to  the  pathophysiology  of  cancer.  Cells  known  to 
produce  LPA  are  indicated  at  the  lower  left. 
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Platelets  contain  high  levels  of  phospholi¬ 
pases  capable  of  cleaving  phospholipids  to 
produce  lysophospholipids  [Aoki  et  al., 
2002;  Sano  et  al.,  2002].  Group  IIA  secretory 
phospholipase  A2  (sPLA2,  pancreatic)  and 
phosphatidylserine-specific  phospholipase  Al 
(PS-PLA1)  are  released  from  platelets  acti¬ 
vated  by  thrombin  or  calcium  ionophores  and 
likely  contribute  to  the  production  of  LPA 
by  producing  lysophosphatidylcholine  (LPC), 
lysophosphatidylethanolamine  (LPE),  lysopho- 
sphatidylinositol  (LPI),  and  lysophosphatidyl- 
serine  (LPS)  precursor  molecules  [Aoki  et  al., 
2002;  Sano  et  al.,  2002],  PS-PLA1  produces  sn-2 
lysophospholipids  with  unsaturated  fatty  acyl 
chains.  At  either  high  or  low  pH,  the  sn-2  fatty 
acyl  chain  migrates  to  the  sn-1  site  with 
equilibrium  favoring  sn-1  lysophospholipids, 
however,  at  neutral  pH  sn-2  lysophospholipids 
are  relatively  stable.  As  noted  above,  these 
forms  of  LPA  may  selectively  activate  LPA3  and 
-4  [Bandoh  et  al.,  1999;  Noguchi  et  al.,  2003].  In 
addition  to  sPLA2  IIA,  it  is  also  likely  that 
several  other  isoforms  of  sPLA2  can  contribute 
to  LPA  production  following  platelet  activation 
or  in  serum  as  expression  of  sPLA2  isoforms  in 
platelets  is  species  dependent  and  also  LPA 
production  is  not  altered  in  mice  genetically 
deficient  in  group  IIA  sPLA2  [Fourcade  et  al., 
1998]. 

sPLA2  has  limited  ability  to  hydrolyze  lipids 
in  intact  cell  membranes  [Kudo  et  al.,  1993; 
Fourcade  et  al.,  1995,  1998].  sPLA2  selectively 
hydrolyzes  lipids  present  in  damaged  mem¬ 
branes,  membranes  of  activated  cells  or  micro¬ 
vesicles  such  as  those  released  during  apoptosis 
or  produced  by  cancer  cells  to  produce  sn-1 
lysophospholipids  [Kudo  et  al.,  1993;  Fourcade 
et  al.,  1995,  1998].  Disruption  of  the  membrane 
microenvironment  by  phosphatidic  acid  (PA) 
produced  by  the  action  of  phospholipase  (PLD) 
or  activation  of  intracellular  signaling  path¬ 
ways  such  as  thrombin-induced  increases  in 
cytosolic  calcium  render  cellular  membranes 
more  susceptible  to  the  action  of  sPLA2  [Kudo 
et  al.,  1993;  Fourcade  et  al.,  1995, 1998;  Kinkaid 
et  al.,  1998],  PLD  also  induces  the  production  of 
extracellular  microvesicles  that  are  susceptible 
to  the  effects  of  sPLA2  [Morgan  et  al.,  1997], 
Strikingly,  LPA  induces  the  activation  of  PLD, 
increases  cytosolic  free  calcium  and  increases 
PA  levels  compatible  with  LPA  contributing  to 
its  own  production  [van  der  Bend  et  al.,  1992; 
Kam  and  Exton,  2004],  The  microenvironment 


wherein  PS-PLA1  can  hydrolyze  lipids  is  not 
clear  but  it  may  also  require  access  to  substrates 
in  particular  structures  limiting  the  production 
of  LPA  in  plasma.  Taken  together,  this  suggests 
that  LPA  production  likely  occurs  at  sites  of 
cellular  injury  or  disruption.  Further  as  tumors 
exhibit  high  levels  of  spontaneous  apoptosis 
that  produces  vesicles,  production  of  cellular 
vesicles  and  aberrations  in  membrane  composi¬ 
tion  and  symmetry  [Fourcade  et  al.,  1995; 
Ginestra  et  al.,  1999;  Andre,  2002],  LPA  may 
be  produced  at  elevated  levels  in  the  tumor 
microenvironment. 

In  comparison  to  LPA,  plasma  contains  high 
levels  of  phospholipids  and  lysophospholipids 
[LPC  levels  exceeding  100  pM  and  phosphati¬ 
dylcholine  (PC)  levels  approaching  1  mM]. 
Thus,  precursors  for  LPA  production  are  abun¬ 
dant.  Indeed,  incubation  of  plasma  or  serum  at 
37°C  results  in  a  time  dependent  increase  in 
both  LPC  and  LPA  [Aoki  et  al.,  2002],  However, 
despite  the  high  concentrations  of  precursors, 
LPA  levels  are  maintained  at  a  low  level.  LPA 
production  by  plasma  may  be  constrained  in  an 
inactive  state  by  the  presences  of  inhibitors 
[Sano  et  al.,  2002],  This  is  consistent  with  a 
decreased  rate  of  production  of  LPA  in  plasma 
as  compared  to  serum  [Aoki  et  al.,  2002], 

The  source  of  phospholipids  and  lysopho¬ 
spholipids  in  plasma  and  sera  that  contribute 
to  LPA  production  under  physiological  and 
pathophysiological  conditions  is  not  completely 
clear.  Hepatocytes  produce  large  amounts  of 
lipids  and  lysophospholipids.  LDL  and  HDL 
contain  phospholipids,  which  can  be  converted 
to  lysophospholipids  by  oxidation  or  by  the 
action  of  sPLA2  or  PS-PLA1  [Natarajan  et  al., 
1995;  Siess,  1999].  Indeed  a  number  of  re¬ 
sponses  to  oxidized  LDL  or  lysophospholipids 
such  as  LPC  could  potentially  be  mediated  by 
conversion  to  LPA  [Natarajan  et  al.,  1995;  Siess, 
1999].  The  still  controversial  suggestion  that 
LPC-specific  GPCRs  exist  [Kabarowski  et  al., 
2001;  Zhu  et  al.,  2001;  Bektas  et  al.,  2003; 
Ludwig  et  al.,  2003]  suggests  that  LPC  may 
mediate  cellular  signaling  in  addition  to  being  a 
precursor  for  LPA. 

A  number  of  cell  types  produce  lysopho¬ 
spholipids  under  physiological  conditions.  In 
blood  cells,  activation  of  platelets  with  thrombin 
or  calcium  ionophores  results  in  the  release  of 
lysophospholipids  [Aoki  et  al.,  2002;  Sano  et  al., 
2002],  Erythrocytes  can  release  small  amounts 
of  LPC.  Both  lecithin  cholesterol  acyltransferase 
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and  platelet-activating  factor  acetylhydrolase 
(PAF-AH)  have  been  implicated  in  production 
of  LPC  in  plasma  and  sera.  Studies  by  Aoki 
and  colleagues  using  blood  from  patients  defi¬ 
cient  in  LCAT  and  PAF-AH  demonstrate  that 
both  LPC  and  LPA  production  is  deficient  in 
plasma  from  LCAT-deficient  but  not  PAF-AH 
deficient  patients  [Aoki  et  al.,  2002].  However, 
it  is  important  to  note  that  while  basal  LPC 
levels  are  slightly  depressed  in  LCAT-deficient 
patients,  they  still  are  in  the  100  pM  range 
suggesting  that  plasma  LPC  originates  from  a 
source  other  than  LCAT.  Further  the  100  pM  of 
LPC  present  in  plasma  is  far  in  excess  of  that 
required  for  the  production  of  LPA.  Patients 
with  LCAT  deficiency  exhibit  kidney  dysfunc¬ 
tion,  anemia,  and  corneal  opacification  along 
with  aberrations  in  plasma  composition  and 
amounts  of  cholesterol  and  other  lipids  [Gjone, 
1982],  It  is  not  clear  whether  LCAT-deficient 
patients  exhibit  decreased  agonist  induced  LPA 
production  in  pathophysiological  states  and 
whether  any  of  the  consequences  of  the  syn¬ 
drome  are  due  to  LPA-deficiency.  Indeed,  these 
patients  do  not  exhibit  aberrations  in  processes 
proposed  to  be  mediated  by  LPA  such  as  wound 
healing  or  vessel  development  [Gjone,  1982], 

In  an  independent  pathway,  PA  produced  by 
the  action  of  PLD  on  cellular  membranes  can  be 
hydrolyzed  by  sPLA2  or  PA-specific  PLA1  (PA- 
PLA1)  to  produce  LPA  [Hiramatsu  et  al.,  2003], 
The  magnitude  of  the  contribution  of  this  path¬ 
way  in  physiologic  or  pathophysiologic  condi¬ 
tions  remains  unknown  (Fig.  1).  A  fluorogenic 
PLA1/2  assay  using  a  PC  analogue  has  been 
developed  [Feng  et  al.,  2002],  and  a  fluorogenic 
substrate  for  PA-specific  PLA  activity  has  also 
been  synthesized  [Xu  et  al.,  2004],  These  assays 
can  be  used  to  determine  activity  or  screen  for 
inhibitors. 

LysoPLD/Autotaxin 

Plasma  and  sera  contain  a  lysophospholipid 
specific  PLD  (lysoPLD),  which  cleaves  lysopho- 
spholipids  to  produce  LPA  [Xu  et  al.,  1998;  Aoki 
et  al.,  2002],  LysoPLD  exhibits  a  preference  for 
lysophospholipids  containing  unsaturated  fatty 
acyl  chains  and  may  thus  contribute  to  the 
preferential  increases  in  the  unsaturated  fatty 
acyl  chain  containing  LPA  present  in  plasma 
and  sera.  LysoPLD  activity  is  increased  in 
women  in  the  third  trimester  of  pregnancy  and 
in  women  at  risk  for  preterm  labor  suggest¬ 
ing  that  levels  of  lysoPLD  can  vary  under 


physiological  and  pathophysiological  conditions 
[Tokumura  et  al.,  2002a],  LysoPLD  activity  is 
also  increased  in  rabbits  fed  a  high  cholesterol 
diet  [Tokumura  et  al.,  2002b],  As  LPA  also 
increases  attachment  of  monocytes  to  vascular 
endothelial  cells,  and  alters  proliferation,  and 
differentiation,  of  vascular  smooth  muscle  cells 
and  is  present  in  atherosclerotic  plaques, 
lysoPLD  with  subsequent  LPA  production  may 
contribute  to  atherosclerosis  [Tokumura  et  al., 
1994;  Siess  et  al.,  1999], 

The  cloning  of  LysoPLD  and  its  identification 
as  autotaxin  (ATX,  nucleotide  phosphodiester¬ 
ase/pyrophosphatase,  NPP2,  phosphodiester- 
ase-Ialpha)  by  the  Aoki  and  Tokumura  groups 
[Tokumura  et  al.,  2002c;  Umezu-Goto  et  al., 

2002]  opened  a  new  era  in  our  understanding  of 
the  metabolism  and,  significantly,  the  function 
of  LPA.  ATX  had  been  previously  cloned  from 
melanoma  cells  and  studied  by  the  Liotta  group 
and  others  as  autocrine  motility  factor,  an 
inducer  of  cell  motility,  angiogenesis,  invasive¬ 
ness,  metastasis,  and  tumor  aggressiveness 
[Murata  et  al.,  1994;  Nam  et  al.,  2000,  2001; 
Yang  et  al.,  2002b].  Indeed,  in  retrospect,  the 
actions  and  mechanisms  of  signaling  of  ATX  and 
LPA  demonstrated  remarkable  concordance 
suggesting  an  overlap  in  mechanisms.  ATX  is 
a  member  of  the  nucleotide  phosphodiesterase/ 
pyrophosphatase  family,  but  in  contrast  to 
other  members  of  the  family,  it  exhibits  the 
novel  ability  to  hydrolyze  LPC  and  sphingosyl- 
phosphorylcholine  (SPC)  to  produce  LPA  and 
sphingosine  1-phosphate  (SIP).  All  of  the 
demonstrated  activities  of  ATX  appear  to  be 
related  to  its  ability  to  hydrolyze  lysophospho¬ 
lipids  rather  than  to  its  nucleotide  phosphodies¬ 
terase/pyrophosphatase  activity  [Koh  et  al., 

2003] .  At  least  in  model  systems,  the  relative 
production  of  SIP  by  ATX  can  inhibit  the 
migratory  effects  of  LPA  suggesting  that 
the  outcome  of  autotaxin  action  may  reflect 
the  relative  production  of  LPA  and  SIP  [Clair 
et  al.,  2003], 

ATX,  a  125  kDa  type  II  transmembrane 
protein,  has  a  short  intracellular  domain  and  a 
large  extracellular  domain  with  the  catalytic 
site  localized  near  the  membrane  in  the  extra¬ 
cellular  domain  and  thus  readily  accessible  to 
extracellular  LPA  and  SIP  as  well  as  to 
inhibitors  and  drugs  (Fig.  2).  While  the  mechan¬ 
ism  of  catalysis  of  ATX  is  well  characterized 
[Koh  et  al.,  2003],  its  post-translational  proces¬ 
sing,  regulation  of  expression  and  mechanism  of 
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Metastatic  capability  relates  to  ATX  levels  in  breast  cancer 
Ectoenzyme  Potential  therapeutic  target 

Fig.  2.  Characteristics  of  ATX/LysoPLD  ATX  is  released  from  cells  due  to  perimembrane  cleavage.  The 
mechanism  and  whether  this  happens  intracellularly  or  at  the  cell  surface  is  unknown  as  is  the  enzyme 
involved.  The  major  action  site  of  action  of  ATX  is  nevertheless  extracellular. 
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release  from  cells  are  not  well  understood. 
Further,  the  relative  activity  of  cell  surface 
versus  cleaved  ATX  is  unknown.  It  is  also  not 
clear  whether  cleavage  of  ATX  occurs  in 
intracellular  organelles  or  at  the  cell  surface. 
Histochemical  analysis  suggests  that  that 
majority  of  ATX  is  localized  in  intracellular 
organelles  rather  than  on  the  cell  surface  (not 
presented).  However,  as  noted  above,  ATX  and 
lysoPLD  activity  is  found  in  bodily  fluids  and 
cell  supernatants  indicating  that  autotaxin  is 
released  from  cells  either  following  cleavage  in 
organelles. 

As  assessed  by  SAGE  analysis  (http://cgap. 
nci.nih. gov/Sage/Viewer),  levels  of  ATX  are  low 
in  most  cell  lineages.  Spinal  cord  has  the  highest 
level  of  expression  of  ATX  suggesting  a  novel 
function  in  differentiated  cells.  Significant  le¬ 
vels  of  ATX  mRNA  are  also  present  in  brain, 
breast,  prostate,  and  hematopoietic  cells.  ATX 
can  be  upregulated  by  a  number  of  cellular 
stimuli  including  growth  factors  such  as  bFGF 
and  BMP2,  retinoic  acid  and  the  WNT  pathway 
[Bachner  et  al.,  1998;  Tice  et  al.,  2002],  however, 
the  role  of  ATX  and  LPA  in  the  function  of  these 
mediators  is  unknown.  ATX  can  regulate  pro¬ 
liferation  of  preadipocytes,  and  its  production  is 
increased  during  adipocyte  differentiation  and 
obesity  implicating  LPA  production  in  obesity 
[Gesta  et  al.,  2002;  Ferry  et  al.,  2003].  The 
mechanisms  regulating  ATX  upregulation  by 
these  factors  is  unclear,  however,  MKK7,  JNK, 
and  Jun  have  been  implicated  in  the  process  by 
several  different  approaches  [Wolter  et  al., 
2002;  Black  et  al.,  2004], 

An  analysis  of  ATX  mRNA  levels  using  a 
publicly  available  transcriptional  profiling  data¬ 
base  (http://www.gnf.org/cancer/epican)  indica¬ 
tes  that  levels  of  ATX  mRNA  are  low  in  adult 
epithelial  cells  derived  from  a  variety  of  tissues 
[Su  et  al.,  2001],  As  compared  to  the  levels  in 
normal  epithelium,  ATX  mRNA  levels  are 
remarkably  increased  up  to  several  thousand 
folds  in  kidney  (renal  cell  carcinoma)  tumors 
suggesting  an  important  role  in  this  tumor 
lineage  (Fig.  3,  Table  I).  Suppressed  subtractive 
hybridization  had  previously  demonstrated 
over  expression  of  ATX  in  renal  cell  carcinoma 
[Stassar  et  al.,  2001]  compatible  with  these 
results.  Renal  cell  carcinomas  are  amongst  the 
most  vascular  tumors  and  contain  high  levels  of 
angiogenic  factors  suggesting  a  potential  role 
for  LPA-mediated  production  of  angiogenic 
factors  such  as  VEGF,  IL8,  and  IL6  in  this 


disease  [Takahashi  et  al.,  1994],  This  is  compa¬ 
tible  with  our  observations  that  LPA  is  a  potent 
induced  of  angiogenic  factors  including  VEGF, 
IL8,  and  IL6  and  with  the  high  levels  of  VEGF 
present  in  ovarian  cancer  ascites  [Zebrowski 
et  al.,  1999;  Hu  et  al.,  2001;  Schwartz  et  al., 
2001;  Fang  et  al.,  2003],  According  to  the  SAGE 
database,  ATX  mRNA  levels  are  low  to  unde¬ 
tectable  in  normal  kidney  suggesting  that  the 
increased  levels  of  autotaxin  mRNA  in  renal  cell 
carcinoma  represent  a  novel  acquisition  of 
expression.  ATX  mRNA  levels  are  more  mod¬ 
estly  but  still  markedly  (100  fold)  increased  in  a 
broad  spectrum  of  cancers,  including  liver, 
gastric,  ovary,  lung,  liver,  prostate,  and  bowel 
(Fig.  3  and  Table  I).  The  modestly  elevated 
levels  in  ovary  and  prostate  may  contribute  to 
the  autocrine  LPA  loops  present  in  both  of  these 
tumors  [Fang  et  al.,  2002;  Mills  et  al.,  2002;  Xie 
et  al.,  2002;  Feng  et  al.,  2003;  Mills  and 
Moolenaar,  2003].  It  is  important  to  note  that 
within  a  given  tumor  type  expression  levels 
vary  markedly  with  only  modest  or  no  increases 
in  some  tumors  coupled  with  remarkable 
increases  at  least  hundred  fold  in  others. 
Transcriptional  profiling  data  from  Stanford 
[Schaner  et  al.,  2003]  and  our  own  group 
indicates  at  least  a  2  fold  increase  with  a  range 
of  1-12  in  more  that  half  of  ovarian  cancers  as 
compared  to  normal  ovarian  epithelial  cells. 
The  discrepancy  in  relative  increases  between 
data  sets  likely  arises  from  the  low  levels  of  ATX 
mRNA  in  normal  tissues  and  need  to  use  this  as 
a  comparator.  Nevertheless,  this  confirms  that 
ATX  mRNA  levels  are  increased  in  a  number  of 
cancer  lineages. 

We  thus  assessed  ATX  levels  in  a  number  of 
tumor  cell  lines  using  quantitative  PCR.  As 
indicated  in  Figure  4,  ATX  mRNA  levels  vary 
markedly  among  tumor  cell  lines  [IOSE29  is 
used  to  represent  a  normal,  non-transformed 
cell  line,  Auersperg  et  al.,  1999].  However, 
compatible  with  the  transcriptional  profiling 
data,  ATX  levels  were  markedly  elevated  in  a 
subset  of  tumor  cell  lines,  particularly  glioma 
and  renal  cell  carcinomas.  Even  in  these  two  cell 
lineages,  some  tumors  show  limited  increases  in 
ATX  levels.  More  modest  increases  are  observed 
in  ovarian  cancer  cell  lines  with  only  limited 
changes  in  a  subset  of  breast  lines. 

If  the  marked  increase  in  mRNA  levels  of  ATX 
in  glioma  and  renal  cell  carcinoma  (Figs.  3  and  4) 
results  in  release  of  active  enzyme  and  diffusion 
into  the  plasma,  ATX  levels  and  ATX  activity 
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Fig.  3.  ATX/LysoPLD  mRNA  levels  are  increased  in  cancer  using  a  publicly  available  database  of 
Affymetrix  U95  arrays  (http://www.gnf.org/cancer/epican  74),  autotaxin  mRNA  levels  are  shown  to  be 
markedly  aberrant  in  a  number  of  tumor  types.  Data  is  expressed  for  each  tumor  relative  to  control  values 
based  on  36  normal  adult  epithelial  tissues.  As  indicated  in  the  figure,  a  number  of  tumors  from  each  cell 
lineage  express  elevated  levels  of  autotaxin  mRNA. 


could  be  markedly  increased  in  a  number  of 
tumor  types.  To  rapidly  quantify  the  lysoPLD 
activity  of  ATX  in  patient  samples,  a  novel 
fluorogenic  assay  was  developed  using  the 
principles  developed  earlier  for  PLA  activity 
measurement  [Feng  et  al.,  2002],  We  thus 
evaluated  ATX  enzyme  activity  assay  based  on 
a  quenched  dye  approach  detecting  the  release 
of  fluorescent  ethanolamine  from  its  quencher 
on  a  synthetic  LPE  [Drees  et  al.,  2003;  see  Fig.  5 
legend],  OVCAR3  express  modest  levels  of  ATX 
(Fig.  4)  and  also  produces  low  levels  of  LPA  in 
culture  [Eder  et  al.,  2000],  compatible  with  the 
basal  level  of  ATX  activity.  As  indicated  in 
Figure  6,  cell  supernatants  from  OVCAR3  cells 
induced  a  time  dependent  increase  in  fluores¬ 
cence  due  to  unquenching  of  the  fluorescent  dye . 
Further,  fetal  bovine  serum,  which  contains 
high  levels  of  ATX  and  supernatants  from 
lysoPLD/ATX  transfected  OVCAR3  cells  demo¬ 


nstrated  increased  lysoPLD  activity  (Fig.  6). 
This  assay  was  used  to  assess  the  levels  of  ATX 
activity  in  plasma  and  sera  samples  from 
controls  and  patients.  As  indicated  in  Figure  7, 
levels  of  ATX  activity  in  ovarian  cancer  ascites 
were  markedly  elevated  as  compared  to  plasma 
and  sera.  There  was  a  statistically  significant 
increase  in  ATX/lysoPLD  activity  in  the  plasma 
of  patients  at  diagnosis  with  ovarian  cancer  and 
glioma  but  not  in  patients  with  breast  cancer 
similar  to  the  ATX  mRNA  levels  in  tumors  and 
cell  lines  from  these  cancers  (Fig.  7).  Similar 
results  were  obtained  for  serum,  which  had 
modestly  elevated  activity  as  compared  to 
plasma  suggesting  that  ATX  is  activated  (dere- 
pressed)  or  released  from  blood  cells  during  the 
coagulation  process.  However,  the  increase  in 
ATX  activity  in  serum  and  plasma  from  cancer 
patients  were  modest  as  compared  to  normal 
controls  and  exhibited  significant  overlap 


TABLE  I.  Analysis  of  Gene  Expression  Profiles  of  LPP  Genes  in  Different  Tumor  Samples  From  Published  Microarray 

Hybridization  Data 
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with  ATX  levels  in  normal  individuals  (Fig.  7) 
suggesting  that  an  analysis  of  ATX  activity,  at 
least  by  this  approach,  in  serum  or  plasma 
would  not  provide  clinically  relevant  data.  This 
is  in  concordance  with  an  earlier  report  on 
ovarian  cancer  sera  that  failed  to  detect  clini¬ 
cally  relevant  increases  in  lysoPLD  activity 
[Tokumura  et  al.,  2002d], 

Both  LPA  and  ATX,  through  LPA  production, 
have  been  implicated  in  the  activation,  prolif¬ 
eration  and  survival  of  several  cancer  cell 
lineages,  but  have  not  been  assessed  in  the 
pathophysiology  of  renal  cell  carcinoma.  As 
indicated  above,  the  ability  of  ATX  and  LPA  to 
induce  the  production  of  angiogenic  factors 
combined  with  the  high  level  of  these  factors 
produced  by  renal  cell  carcinoma  cells  sug¬ 
gested  that  ATX  and  LPA  may  be  critical 
players  in  renal  cell  carcinoma.  Given  the  high 
level  of  ATX  mRNA  in  renal  cell  carcinomas  and 
in  the  UM-RC-7  renal  cell  carcinoma  cell  line 
(Fig.  4),  we  explored  the  effects  of  decreasing 
ATX  levels  with  siRNA  on  cellular  signaling  and 
on  cell  cycle  progression  and  apoptosis  in  UM- 
RC-7  cells.  As  indicated  in  Figure  8,  siRNA 
specific  to  autotaxin  markedly  downregulates 
ATX  expression,  an  effect  that  persists  for  at 
least  72  h.  Compatible  with  decreased  endogen¬ 
ous  LPA  production,  activated  MAPK  and  AKT 
levels  decreased,  albeit  with  greater  decreases 
at  later  time  points  (Fig.  8)  (total  AKT  and  total 
MAPK  serve  as  loading  controls  indicating  that 
equal  amounts  of  proteins  were  assessed). 
The  delayed  decrease  in  cell  signaling  as  co¬ 
mpared  to  ATX  levels  may  reflect  persistence  of 
extracellular  ATX  or  of  LPA  in  supernatants. 
Nevertheless,  siRNA  effectively  downregulates 
ATX  expression  in  UM-RC-7  cells  and  down 
regulation  of  ATX  is  associated  with  a  marked 
decrease  in  cell  signaling. 

We  thus  explored  the  effects  of  down  regula¬ 
tion  of  ATX  on  cell  cycle  progression  and 
apoptosis  as  indicated  by  cells  with  a  hypodiploid 
DNA  content.  In  UM-RC-7  cells  in  both  the 
presence  and  absence  of  sera,  down  regulation  of 
ATX,  resulted  in  an  arrest  of  cells  in  S  phase  with 
an  accumulation  of  apoptotic  cells  as  indicated  by 
an  increase  in  hypodiploid  (sub  G0/G1)  cells 
(Fig.  9).  Similar  increases  in  apoptosis  and 
accumulation  of  cells  in  S  phase  were  noted  in 
both  glioma  and  breast  cancer  cells  (not  pre¬ 
sented).  The  marked  accumulation  of  cells  in 
S  phase  was  unexpected  and  suggests  activation 
of  the  intra-S  cell  cycle  checkpoint,  an  enigmatic 
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Fig.  4.  LysoPLD/ATX  RNA  levels  in  tumor  cell  lines  Quantitative  PCR  was  performed  on  a  series  of  breast, 
ovarian,  glioma,  prostate  and  renal  cancer  cell  lines.  Data  is  normalized  to  IOSE  29,  a  SV40T  antigen  semi- 
immortalized  cell  line  that  is  set  to  1 .  As  indicated  in  the  figure,  the  levels  of  ATX/lysoPLDmRNA  are  variable 
between  cell  lines  including  within  specific  tumor  types.  U87,  a  glioma  cell  line,  and  UM-RC-7,  a  renal  cell 
line,  express  markedly  elevated  levels  of  ATX/lysoPLD  RNA  levels. 


check  point  previously  implicated  in  repair  of 
DNA  damage.  We  have  previously  overex¬ 
pressed  LPA  phosphatases  (LPPs)  in  ovarian 
cancer  cells  [see  below  Tanyi  et  al.,  2003a, b], 
which  increase  LPA  hydrolysis  and  should 
thus  have  similar  effects  to  autotaxin  siRNA 
that  decreases  LPA  production.  Indeed,  over¬ 
expression  of  LPPs  resulted  in  an  accumulation, 
albeit  more  modest  that  ATX  siRNA,  in  cells  in 
S  phase  as  well  as  increased  apoptosis.  The 
mechanism  leading  to  an  increased  in  cells  in  S 
phase  is  unknown  and  the  topic  of  ongoing 
studies. 

Taken  together,  ATX  mRNA  levels  are  mark¬ 
edly  elevated  in  a  number  of  cancer  cell 
lineages.  Although  ATX  activity  is  increased  in 
the  plasma  and  serum  from  patients  with 
particular  types  of  cancer,  the  increases  are 
modest  and  unlikely  to  be  clinically  or  diagnos¬ 
tically  relevant.  However,  increased  autotaxin 


activity  at  the  tumor  cell  interstitial  fluid  inter¬ 
face  is  likely  to  result  in  increased  production  of 
LPA.  Indeed,  in  ovarian  cancer  patients,  genes 
that  are  co-regulated  with  ATX  comprise  an 
LPA-dependent  transcriptome  (not  presented), 
potentially  providing  a  method  to  identify  LPA- 
dependent  tumors  likely  to  be  responsive  to 
manipulation  of  ATX  activity  or  LPA  expres¬ 
sion.  In  tumor  cell  lines  over  expressing  ATX, 
silencing  of  ATX  with  siRNA  to  ATX  results  in 
decreased  transmembrane  signaling,  S  phase 
arrest,  and  accumulation  of  apoptotic  cells.  This 
combined  with  previous  data  implicating  ATX 
in  tumor  proliferation,  motility,  aggressiveness, 
and  metastases  validates  autotaxin  and  by 
implication  LPA  production  and  action  as  a 
target  for  tumor  therapy.  As  ATX  functions  as 
an  extracellular  enzyme,  it  is  highly  accessible 
for  inhibition  by  antibodies,  peptides,  pseudo¬ 
substrates,  or  small  molecule  drugs. 
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Fig.  5.  Quenched  fluorescence  lysoPLD  enzyme  assay.  A 
quenched  cleavable  substrate  assay  similar  that  developed  for 
PLA2  [Feng  et  al.,  2002]  was  established  for  LysoPLD.  A  doubly 
labeled  substrate  analog  based  on  LPE  was  synthesized  containing 
fluor  and  quencher  moieties.  The  close  intramolecular  proximity 


LPA  analog 

of  the  quencher  and  fluorescent  groups  results  in  effective 
quenching  of  fluorescence  by  energy  transfer  in  the  substrate. 
Upon  digestion  by  lysoPLD,  the  ethanolamine  group  containing 
the  fluor  is  released,  energy  transfer  is  interrupted,  and  fluores¬ 
cence  increases  as  a  function  of  the  extent  of  lipase  activity. 


LPA  Degradation 

LPA  can  be  removed  by  cleavage  of  the  acyl 
chain  by  phospholipases,  reacylation  by  LPAAT 
or  endophilin,  or  by  hydrolysis  of  the  phosphate 
by  lysophosphatidic  acid  phosphatases  [LPP-1, 
-2,  -3  also  know  and  PAPs  or  PA  phosphatases, 
Brindley  et  al.,  2002;  Mills  et  al.,  2002;  Tanyi 
et  al.,  2003a, b;  see  studies  in  this  review],  LPPs 
are  hexahelical  transmembrane  lysolipid  phos¬ 
phatases  with  an  extracellular  catalytic  site, 
suggesting  a  role  in  hydrolysis  of  extracellular 
LPA.  Although  different  LPPs  demonstrate 
modest  selectivity  for  lysophospholipid  iso¬ 
forms,  each  of  the  LPP  isoforms  can  hydrolyze 
LPA,  SIP  or  ceramide  1-phosphate  and  likely 
other  lysophospholipids.  They  exhibit  little 
activity  however  toward  PA  or  other  diacyl 
chain  lipids.  Over  95%  of  hydrolysis  of  LPA  by 
cancer  cells  appears  to  be  due  a  membrane 
associated  LPP  activity  suggesting  that  LPPs 
are  the  major  method  for  clearance  of  LPA  in 
vivo  [Imai  et  al.,  2000],  As  indicated  in  Table  I 
(relative  levels)  and  Figure  10  (absolute  levels), 
LPP  mRNA  levels  and  in  particular  LPP-1 
mRNA  levels  demonstrate  marked  variability 
in  different  tumor  lineages.  For  example,  LPP 
levels  are  elevated  in  prostate  and  kidney 
cancers  whereas  they  are  markedly  decreased 
in  ovary,  lung,  and  breast  cancer.  Intriguingly, 
prostate  and  renal  cell  carcinomas,  which  have 
high  levels  of  autotaxin  mRNA  (Table  I,  Fig.  3) 


also  exhibit  elevated  levels  of  LPP-1  mRNA. 
Thus  there  is  likely  to  be  an  increased  produc¬ 
tion  and  hydrolysis  of  LPA  in  these  tumor  types 
with  potentially  increased  information  flow 
through  the  pathway.  What  the  net  effect  of 
over  expression  of  both  ATX  and  LPP-1  is  on 
LPA  production  and  degradation  is  remains  to 
be  assessed.  LPP-1  levels  are  markedly  de¬ 
creased  in  ovarian  cancer  (Table  I,  Fig.  10), 
potentially  contributing  to  the  elevated  levels  of 
LPA  present  in  ascites.  We  have  explored  the 
role  of  LPPs  in  ovarian  cancer  by  increasing 
expression  of  LPP-1  and  determining  effects  on 
cellular  functions  [Tanyi  et  al.,  2003a, b].  In 
most  ovarian  cancer  cells,  overexpression  of 
LPPs  is  incompatible  with  cell  proliferation  and 
survival.  Overexpression  of  LPP-1  or  LPP-3  in 
SKOV3  cells  which  have  high  levels  of  ATX 
(Fig.  4)  and  produce  LPA  spontaneously  [Eder 
et  al.,  2000]  is  tolerated  by  the  cells.  Stable  LPP 
overexpression  decreases  LPA  levels,  increases 
LPA  hydrolyses,  inhibits  cell  cycle  progression 
resulting  in  an  S  phase  arrest  and  accumulation 
of  apoptotic  cells  and  decreases  growth  sub¬ 
cutaneously  and  intraperitoneally  [Tanyi  et  al., 
2003a, b].  In  a  typical  experiment  (Fig.  11), 
transient  overexpression  of  LPPs  markedly 
decreases  colony  forming  cell  activity.  Strik¬ 
ingly,  this  effect  is  reversed  by  addition  of 
XY-13  (Fig.  11)  and  XY-14,  two  enantiomeric 
phosphonate  analogues  of  PA  [Xu  and  Pre- 
stwich,  2002] ,  that  act  as  potent  inhibitors  of  the 
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The  culture  media  from  ATX  /  LysoPLD  or  control  vector  transfected 
OVCAR3,  and  FBS  were  subjected  to  LysoPLD  assay.  They  showed  time- 
dependent  increase  in  activity  and  an  increase  in  transfected  cells. 

Fig.  6.  Validation  of  the  lysoPLD  assay.  The  quenched  cleavable  lysoPLD  assay  described  in  Figure  1,  was 
validated  by  incubation  with  supernatants  from  lysoPLD  and  mock  transfected  OVCAR3  cells  (OVCAR3 
cells  have  modest  lysoPLD  mRNA  levels)  as  well  as  with  fetal  bovine  serum,  which  has  high  levels  of  lysoPLD 
[Umezu-Gotoetal.,  2002].  As  indicated  in  the  figure,  following  background  subtraction  there  is  a  linear  time 
dependent  increase  in  lysoPLD  substrate  cleavage. 


LPPs  [Smyth  et  al.,  2003].  The  effect  is  also 
reversed  by  OMPT  an  LPP-resistant  LPA 
analog  [Hasegawa  et  al.,  2003]  that  shows 
enantioselective  activation  of  LPA3  [Qian 
et  al.,  2003]  confirming  that  the  effect  of  the 
LPPs  is  through  degradation  of  LPA  (Fig.  11).  In 
support  of  hydrolysis  of  LPA  as  a  mechanism  of 
action,  overexpression  of  LPPs  in  SKOV3  cells 
resulted  in  a  marked  decrease  in  the  prolifera¬ 
tion  and  survival  of  non-transfected  SKOV3 
cells,  a  bystander  effect.  This  extracellular 
mechanism  of  action  and  strong  bystander 
effect  is  optimistic  for  potential  gene  therapy 
approaches  to  ovarian  cancer,  a  process  being 
explored  by  our  group. 

The  combined  studies  with  autotaxin  siRNA 
and  overexpression  of  LPPs  provide  strong 
evidence  validating  the  LPA  pathway  as  a 


target  for  therapy  in  cancer.  This  suggests  that 
drugs  targeting  autotaxin,  which  is  relatively 
specific  for  LPA  production  (SPC  levels  are  low 
extracellularly  compared  to  LPC),  or  specific 
LPA  receptors  or  their  downstream  signaling 
pathways  may  have  efficacy  in  the  therapy  of 
cancer  [Tokumura  et  al.,  2002c;  Umezu-Goto 
et  al.,  2002;  Clair  et  al.,  2003],  As  indicated 
above,  LPA  and  autotaxin  have  pleiomorphic 
effects  in  multiple  cell  lineages,  suggesting  that 
inhibition  of  the  LPA  production  or  action  may 
be  toxic.  However,  knockouts  of  LPA1  and  -2 
and  indeed  combined  LPA1  and  -2  knockout 
mice  are  viable  suggesting  either  that  these 
pathways  are  not  required  for  normal  cellular 
physiology  or  that  LPA3  and  -4  exhibit  redun¬ 
dant  activities  [Yang  et  al.,  2002a],  These  ques¬ 
tions  will  be  answered  through  the  development 
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Fig.  7.  LysoPLD  activity  in  patient  samples  using  the  validated  lysoPLD  assay,  lysoPLD  enzyme  activity  was 
measured  in  serum  and  plasma  of  patients  with  glioma,  ovarian  cancer  or  breast  cancer.  Serum  and  plasma 
activity  was  assessed  for  breast  and  ovary  and  ascites  levels  for  ovarian  cancer.  Mean  levels  are  indicated  by  a 
bar  for  each  set.  Statistically  different  results  (Student's  f-test)  are  indicated  in  the  figure. 
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Fig.  8.  RNAi  to  ATX  /lysoPLD  decreases  ATX  levels  and  decreases  signaling  to  AKT  and  MAPK  RNAi 
specific  to  autotaxin  was  introduced  into  UM-RC-7  renal  cell  carcinoma  cells  that  overexpress  autotaxin 
(Fig.  4).  The  RNAi  induced  a  prolonged  and  significant  downregulation  of  autotaxin  protein  levels  in  the  cell 
line.  This  decrease  was  associated  with  decreased  phosphorylation  of  both  erkl  and  erk2  as  well  as  AKT. 

There  was  no  decrease  in  total  MAPK  or  AKT  demonstrating  equal  loading  and  lack  of  non-specific  effects. 


and  assessment  of  small  molecule  inhibitors 
and  agonists  of  specific  LPA  receptors,  a  process 
which  we  have  recently  reviewed  [Feng  et  ah, 
2003], 

LPA  in  Ovarian  Cancer 

Ovarian  cancer  has  been  extensively  explored 
as  a  model  for  aberrations  in  LPA  production, 
metabolism  and  function  [Xu  et  al.,  1995, 1998, 
2003;  Shenetal.,  1998, 2001;  Westermann  etal., 
1998;  Eder  et  al.,  2000;  Xiao  et  al.,  2000,  2001; 
Hu  et  al.,  2001;  Schwartz  et  al.,  2001;  Baker 
et  al.,  2002;  Fang  et  al.,  2002,  2003;  Mills  et  al., 
2002;  Feng  et  al.,  2003;  Luquain  et  al.,  2003a; 
Mills  and  Moolenaar,  2003;  Sengupta  et  al., 
2003].  Although  it  is  clear  that  LPA  plays  a 
major  role  in  the  pathophysiology  of  ovarian 
cancer,  data  is  rapidly  accumulating  [see  above 
Mills  and  Moolenaar,  2003],  implicating  LPA  in 
the  pathophysiology  of  multiple  different  can¬ 
cers.  Nevertheless,  due  to  the  wealth  of  data  in 
ovarian  cancer,  the  remainder  of  this  review 
will  concentrate  on  the  unique  aspects  of 


ovarian  cancer  and  what  is  known  about  LPA 
production,  metabolism,  and  action  in  ovarian 
cancer. 

LPA  levels.  It  is  difficult  to  determine  the 
levels  of  LPA  and  indeed  any  growth  factor  in 
the  interstitial  fluid  of  tumors  and  thus  we  have 
been  limited  in  our  ability  to  assess  whether 
cancer  cells,  in  vivo,  are  stimulated  by  particu¬ 
lar  growth  factors.  The  ascitic  fluid  that  accu¬ 
mulates  in  ovarian  cancer  patients  provides 
access  to  the  distinctive  ovarian  cancer  micro¬ 
environment.  The  growth  factor  composition 
of  ascitic  fluid  reflects  growth  factor  produc¬ 
tion,  degradation  and  clearance  from  the  local 
environment  and  also  reflects  the  growth 
factor  environment  of  the  tumor  cell.  We  have 
demonstrated  that  malignant  ascites  from 
ovarian  cancer  patients  contain  high  levels  of 
growth  factor  activity  both  in  vitro  and  in  vivo 
[Fang  et  al.,  2002;  Mills  et  al.,  2002],  At  least  a 
portion  of  the  growth  factor  activity  in  ascites 
can  be  attributed  to  the  presence  of  high  concen¬ 
trations  of  LPA  and  LPA  like  molecules  present 
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Fig.  9.  RNAi  to  ATX  induces  a  S  phase  arrest  and  apoptosis.  RNAi  specific  to  ATX  was  introduced  into  UM- 
RC-7  renal  cell  carcinoma  cells  that  overexpress  ATX.  Seventy-two  hours  later  adherent  and  floating  cells 
were  collected  and  analyzed  for  cell  cycle  and  apoptosis  (hypodiploid  peak)  using  flow  cytometry  of 
propidium  iodide  labeled  cells.  RNAi  induced  a  marked  accumulation  of  cells  in  S  phase  as  well  as 
hypodiploid  cells.  Similar  results  were  obtained  at  48  h. 


in  ascites  (1-80  gM)  [Westermann  et  al.,  1998; 
Eder  et  al.,  2000;  Xiao  et  al.,  2001;  Fang  et  al., 
2002;  Mills  et  al.,  2002;  Mills  and  Moolenaar, 
2003;  Xu  et  al.,  2003].  Ovarian  cancer  ascites 
not  only  contains  consistently  elevated  levels  of 
LPA,  but  the  LPA  present  contains  a  number  of 
unusual  forms,  which  may  have  novel  mechan¬ 
isms  of  production  or  action  [Xiao  et  al.,  2001], 
Since  LPA  levels  are  elevated  in  ascites  of 
ovarian  cancer  patients,  if  LPA  migrates  to  the 
periphery,  there  is  a  potential  that  LPA  levels 
could  be  elevated  in  the  plasma  of  patients 
providing  an  early  diagnostic  marker  or  marker 
of  disease  behavior.  Indeed,  LPA  levels  are 
consistently  higher  in  ascites  samples  than 
matched  plasma  samples  suggesting  that  LPA 
produced  in  the  peritoneal  cavity  migrates  into 
the  plasma  [Eder  et  al.,  2000],  In  a  preliminary 
analysis  with  a  limited  number  of  patients  and 
controls,  LPA  levels  were  elevated  in  more  than 
80%  of  stage  I  ovarian  cancer  patients  with  a 
false  positive  rate  of  5%  [Xu  et  al.,  1998,  2003], 
LPA  levels  are  not  elevated  in  blood  samples 


from  patients  with  most  other  cancers,  but  are 
increased  in  patients  with  myeloma,  endome¬ 
trial  cancer,  cervical  cancer,  and  renal  dialysis 
[Sasagawa  et  al.,  1998, 1999],  all  of  which  can  be 
distinguished  from  ovarian  cancer  by  medical 
assessment.  Following  the  original  publication, 
a  number  of  reports  have  supported  or  refuted 
the  potential  utility  of  LPA  levels  in  early 
diagnosis  and  prognosis  of  ovarian  cancer  [Xiao 
et  al.,  2000;  Shen  et  al.,  2001;  Baker  et  al.,  2002; 
Yoon  et  al.,  2003;  Xu  et  al.,  2003].  As  plasma 
contains  enzymes  required  for  the  production 
and  metabolism  of  LPA  [Xu  et  al.,  1998;  Aoki 
et  al.,  2002],  differences  in  the  results  from  the 
groups  likely  arise  from  challenges  in  the 
collection  and  handling  of  plasma  to  prevent 
post  collection  production,  metabolism  or  loss  of 
LPA.  An  additional  complication  arises  in  the 
analysis  of  LPA,  which  requires  purification, 
concentration  and  multiple  handling  steps, 
which  could  result  in  artifactual  changes  in 
LPA  levels.  Current  studies  have  focused  on 
total  LPA  levels  and  levels  of  LPA  isoforms.  It 
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LPP  mRNA  LEVELS  ARE  ALTERED  IN  CANCER 


Fig.  10.  LPP-1  mRNA  levels  are  altered  in  cancer  using  a  publicly  available  database  of  Affymetrix  U95 
arrays  (http://www.gnf.org/cancer/epican),  LPP-1  mRNA  levels  are  shown  to  be  markedly  aberrant  in  a 
number  of  tumor  types.  Data  is  expressed  for  each  tumor  relative  to  control  values  based  on  36  normal  adult 
epithelial  tissues.  As  indicated  in  the  figure,  LPP-1  mRNA  levels  are  elevated  in  a  number  of  tumor  types,  and 
decreased  in  others. 


may,  however,  be  necessary  to  assess  the 
composition  of  particular  isoforms  of  LPA  or 
other  lysophospholipids  and  related  lipids  pre¬ 
cursors  and  breakdown  products  as  part  of  a 
lipid  profile  to  develop  an  algorithm  able  to 
detect  clinically  relevant  changes  in  lipid  levels 
or  composition.  Such  approaches  using  global 
analysis  of  small  molecules  by  mass  spectro¬ 
scopy  has  been  designated  metabolomics  and  a 
release  of  this  technology  as  a  clinically  avail¬ 
able  “home  brew”  screening  test  for  ovarian 
cancer  is  being  proposed  for  early  2004.  A 
reanalysis  of  data  and  follow  up  data  from  the 
original  study  describing  the  use  of  pattern 
recognition  of  small  molecules  by  SELDI-TOF 
mass  spectroscopy  as  a  potential  approach  to 


detect  ovarian  cancer  [Petricoin  et  al.,  2002], 
suggested  that  a  number  of  different  molecules 
in  the  range  of  200—800  Da  had  discriminatory 
power  for  the  detection  of  ovarian  cancer.  A 
recent  follow  up  study,  indicates  that  the 
majority  of  these  molecules  are  carried  in  the 
blood  stream  bound  to  albumin  and  other 
carrier  proteins  [Mehta  et  al.,  2004],  LPA 
associates  with  albumin  as  well  as  with  other 
carrier  proteins  such  as  gelsolin  [Goetzl  et  al., 
2000]  suggesting  that  it  may  be  in  the  carrier 
protein  compartment.  Combined  with  the  ob¬ 
servation  that  fatty  acyl  chains  (200-300  Da), 
monoacylglycerols  (300-400  Da),  lysophospho¬ 
lipids  (400-600  Da),  and  phospholipids  (700 — 
900  Da)  fall  into  this  range,  it  is  possible  that  a 
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Colony  Forming  Cell  Assay  (LPP1) 
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Colony  Forming  Cell  Assay  (LPP3) 


Fig.  1 1 .  LPP-1  and  LPP-3  decrease  colony  forming  cell  activity 
of  ovarian  cancer  cells  through  degradation  of  LPA.  As  indicated 
in  Figure  10,  LPP-1  levels  are  decreased  in  ovarian  cancer  (85). 
Transient  transfection  with  LPP-1  or  LPP-3  induces  a  marked 
decrease  in  colony  forming  cel  I  activity  in  SKOV3  ovarian  cancer 
cells,  which  express  high  levels  of  LysoPLD  and  produce  LPA 


constitutively.  Transfected  cells  were  incubated  with  XY13  that 
inhibits  LPPs  and  with  OMPT,  a  LPP  resistant  LPA  analog.  Both 
XY-1 3  and  OMPT  reversed  the  effects  of  LPP  on  colony  forming 
cell  activity  demonstrating  that  the  effects  of  LPP-1  and  LPP-3 
were  due  to  degradation  of  LPA. 


global  analysis  of  lipid  patterns  could  prove 
diagnostic  for  particular  cancers.  We  have 
demonstrated  that  model  lipids  bind  with  high 
affinity  to  the  matrices  used  in  SELDI,  are 
excited  by  the  laser  and  are  easily  visualized  by 
SELDI-TOF.  A  prospective  clinical  trial  to 
evaluate  the  utility  of  assessment  of  patterns 
of  lipids  in  plasma  measured  by  ESI  (metabo- 


lomics),  SELDI-  or  MALDI-TOF  or  other  ap¬ 
proaches  as  an  ovarian  cancer  marker  is  clearly 
warranted. 

Until  recently  the  mechanisms  resulting  in 
high  levels  of  LPA  present  in  ovarian  cancer 
ascites  remained  elusive.  However,  as  indicated 
in  Figure  12,  a  number  of  enzymes  producing 
LPA  including  sPLA2  [Ben-Shlomo  et  al.,  1997] 
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Fig.  12.  Aberrations  in  lipid  metabolism  in  ovarian  cancer  points  of  aberrations  in  lipid  metabolism  in 
ovarian  cancer  are  indicated  based  on  the  major  pathway  of  extracellular  LPA  production. 


and  autotaxin  are  increased  in  ovarian  cancer 
patients  (Fig.  3),  and  as  noted  above,  LPP 
isoforms  are  decreased  (Fig.  10)  [Tanyi  et  al., 
2003a, b].  Like  many  cancers,  the  number  of 
apoptotic  cells  in  ovarian  cancers  is  high  and 
membranes  are  accessible  to  the  action  of 
sPLA2  potentially  resulting  in  increased  pro¬ 
duction  of  substrates  for  ATX  [Fourcade  et  al., 
1995].  Ascites  also  contains  markedly  elevated 
levels  of  vesicles  that  are  also  accessible  to 
sPLA2  [Ginestra  et  al.,  1999;  Andre,  2002]. 
Furthermore,  ovarian  cancer  cells  both  consti- 
tutively  and  inducibly  produce  LPA  [Shen  et  al., 
1998;  Eder  et  al.,  2000;  Sengupta  et  al.,  2003]. 
As  patients  may  have  kilograms  of  tumor 
present  when  diagnosed,  even  a  modest  incre¬ 
ment  in  production  or  decreased  metabolism  of 
LPA  by  ovarian  cancer  cells  could  result  in 
marked  accumulation  of  LPA  in  ascites.  Indeed, 


ascites  itself  can  contain  up  to  109  tumor  cells 
per  milliliter,  which  could  result  in  release  of 
high  levels  of  LPA.  Thus,  there  is  a  suite  of 
aberrations  in  ovarian  cancer  that  potentially 
contributes  to  the  accumulation  of  LPA  at  the 
tumor  interface  and  in  ascites.  Taken  together, 
the  data  suggest  that  the  increased  levels  of 
LPA  in  ovarian  cancer  ascites  reflects  both 
increased  production  and  decreased  hydrolysis. 

LPA  is  not  produced  at  significant  levels  by 
normal  ovarian  epithelial  cells,  whereas  ovar¬ 
ian  cancer  cells  both  constitutively  and  induci¬ 
bly  produce  elevated  levels  of  LPA  in  response  to 
phorbol  esters,  laminin  and  LPA  itself  [Shen 
et  al.,  1998;  Eder  et  al.,  2000;  Sengupta  et  al., 
2003],  suggesting  that  ovarian  cancer  cells 
which  present  at  great  numbers  in  the  perito¬ 
neal  cavity  could  contribute  to  the  elevated 
levels.  The  ability  of  ovarian  cancer  cells  to 
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produce  and  respond  to  LPA  suggests  that 
ovarian  cancer  cells  are  likely  regulated  by 
autocrine  LPA  loops.  A  recent  report  confirms 
the  presence  of  an  autocrine  LPA  loop  in 
prostate  cancer  [Xie  et  al.,  2002]  suggesting 
that  LPA  autocrine  loops  may  contribute  to  the 
pathophysiology  of  multiple  cancers. 

In  view  of  the  higher  levels  of  LPA  in  ascites 
from  ovarian  cancer  patients  and  the  ability  of 
LPA  to  activate  the  pathways  mediating  LPA 
production,  we  assessed  basal  and  LPA-induced 
LPA  production  by  ovarian  cancer  cells.  We 
found  that  ovarian  cancer  cells,  in  contrast  to 
normal  ovarian  epithelial  cells  or  breast  cancer 
cells,  produce  LPA  either  constitutively  or  in 
response  to  LPA  [Eder  et  al.,  2000].  Both 
constitutive  and  LPA-induced  LPA  production 
exhibited  PLD-dependent  and  -independent 
components.  LPA  has  been  demonstrated  to 
activate  PLD  in  a  number  of  systems  [van  der 
Bend  et  al.,  1992;  Kam  and  Exton,  2004].  PLD 
can  alter  membrane  composition  and  in  parti¬ 
cular  induce  production  of  membrane  vesicles 
[Morgan  et  al.,  1997;  Kinkaid  et  al.,  1998]. 
Indeed,  ascites  contains  high  levels  of  vesicles 
potentially  due  to  PLD  activation  [Ginestra 
et  al.,  1999;  Andre,  2002],  Constitutive  LPA 
production  was  primarily  dependent  on  group 
IB  (pancreatic)  sPLA2  and  on  cPLA2  and/or 
iPLA2,  whereas  LPA-induced  LPA  production 
was  dependent  on  both  group  IB  (pancreatic) 
and  group  IIA  (synovial)  sPLA2,  but  not  cPLA2 
or  iPLA2  suggesting  that  LPA  induces  extra¬ 
cellular  LPA  production  [Eder  et  al.,  2000].  LPA 
is  a  potent  activator  of  increases  in  cytosolic 
calcium  and  of  MAPKs  in  ovarian  cancer  cells 
and  both  increases  in  cytosolic  calcium  and 
MAPK  activity  activate  cPLA2  potentially  con¬ 
tributing  to  the  increases  in  LPA  production.  In 
contrast  to  LPA-induced  LPA  production,  PMA- 
induced  LPA  production  is  dependent  on  cPLA2 
or  iPLA2  indicating  effects  on  intracellular  LPA 
production  [Shen  et  al.,  1998].  Laminin-induced 
LPA  production  by  ovarian  cancer  cells  is 
dependent  on  betal  integrins  and  iPLA2  similar 
to  PMA-induced  LPA  production  [Sengupta 
et  al.,  2003].  Nucleotide  agonists  acting  at  the 
P2Y4  purinergic  receptors  on  ovarian  cancer 
cells  also  induce  LPA  production.  Nucleotide 
induced  LPA  production  is  associated  with  an 
increase  in  PLD  activity  and  PLD  augments 
LPA  production  suggestion  that  it  could  be  a 
major  contributor  to  LPA  production  by  ovarian 
cancers  [Luquain  et  al.,  2003b].  Ovarian  cancer 


cells  secrete  PLA2.  Indeed  the  increased  concen¬ 
tration  of  vesicles  in  ascites  that  are  accessible 
to  sPLA  could  contribute  to  LPA  production 
either  by  conversion  of  PA  to  LPA  or  through 
the  production  of  LPC  and  other  autotaxin 
substrates. 

Aberrations  in  LPA  Function  in  Ovarian  Cancer 

As  noted  above,  the  production  of  LPA  is 
aberrant  in  ovarian  cancer  cells  due  to  changes 
in  the  levels  and  activity  of  multiple  different 
enzymes  resulting  in  the  accumulation  of  high 
concentrations  of  LPA  in  ascites  fluid  and  likely 
in  the  interstitial  space  in  the  tumor.  This 
accumulation  of  LPA  would  be  sufficient  to  play 
a  major  role  in  the  pathophysiology  of  ovarian 
cancer.  However,  the  effects  of  the  high  levels  of 
LPA  present  in  ovarian  cancer  patients  are 
amplified  by  aberrations  in  the  response  of 
ovarian  cancer  cells  to  LPA.  The  expression  of 
LPA  receptors  on  ovarian  cancer  cells  is  mark¬ 
edly  different  from  that  on  normal  ovarian 
epithelial  cells  resulting  in  increased  respon¬ 
siveness  to  LPA  [Goetzl  et  al.,  1999;  Fang  et  al., 
2002;  Mills  et  al.,  2002;  Feng  et  al.,  2003], 
Further,  unusual  splice  variants  of  LPA  recep¬ 
tors,  selectively  linking  to  processes  such  as 
production  of  neovascularizing  factors,  may  be 
present  in  ovarian  cancer  cells  [Huang  et  al., 
2004],  Finally,  additional  genetic  aberrations  in 
ovarian  cancer  cells  such  as  amplification  and 
mutation  of  multiple  components  of  the  phos- 
phatidylinositol  3  kinase  pathway  sensitize 
ovarian  cancer  cells  to  downstream  signaling 
effects  of  LPA  [Fang  et  al.,  2002;  Mills  et  al., 
2002;  Feng  et  al.,  2003],  As  for  changes  in 
LPA  production  and  metabolism,  the  genetic 
mechanisms  underlying  these  processes  remain 
to  be  determined.  Nevertheless,  taken  together, 
LPA  production  or  action  appears  well  justified 
as  a  target  for  therapy  in  ovarian  cancer. 

Although  freshly  isolated  ovarian  cancer  cell 
preparations  and  ovarian  cancer  cell  lines  are 
consistently  responsive  to  LPA,  normal  ovarian 
surface  epithelial  cells  (OSE)  do  not  demon¬ 
strate  significant  responses  to  LPA  [Goetzl  et  al. , 
1999;  Eder  et  al.,  2000;  Fang  et  al.,  2002;  Mills 
et  al.,  2002;  Feng  et  al.,  2003].  In  contrast,  OSE 
demonstrate  marked  responses  to  SIP,  whereas 
ovarian  cancer  cells  demonstrate  more  limited 
responses  to  SIP  [Goetzl  et  al.,  1999].  Consis¬ 
tent  with  the  shift  from  SIP-dependence  to 
LPA-dependence,  ovarian  cancer  cell  lines 
express  markedly  increased  levels  of  mRNA 
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and  protein  for  the  LPA2  and  -3  receptors  and 
decreased  levels  of  mRNA  and  protein  for  SIP 
receptors  [Goetzl  et  al.,  1999]  as  compared  to 
OSE  which  have  very  low  levels  of  LPA2  and  -3. 
There  are  no  consistent  changes  in  levels  of 
LPA1  receptors  between  OSE  and  ovarian 
cancer  cell  lines.  However,  LPA1  may  function 
as  a  negative  LPA  receptor,  as  overexpression  of 
LPA1  results  in  decreased  proliferation  as  a 
consequence  of  increased  apoptosis  [Furui  et  al., 
1999].  Analysis  of  ovarian  cancer  cells  directly 
from  the  patient  paints  a  similar  picture  in  that 
LPA1  levels  are  not  different  from  those  in 
normal  epithelium  and  LPA2  and  -3  are  each 
elevated  in  approximately  40%  of  tumors  with  a 
significant  overlap  resulting  in  increased 
expression  of  LPA  receptors  in  approximately 
60%  of  ovarian  cancers  [Fang  et  al.,  2002].  Thus 
acquisition  of  expression  of  LPA2  and  -3  during 
transformation  leads  to  increased  responses  to 
LPA  potentially  contributing  to  the  pathophy¬ 
siology  of  ovarian  cancer.  LPA4  receptors  are 
reported  to  expressed  in  ovary,  however,  the 
initial  report  did  not  indicate  whether  this  was 
in  stroma  or  epithelium  [Noguchi  et  al.,  2003]. 
As  assessed  by  QPCR,  ovarian  cancer  cells  have 
low  to  absent  levels  of  LPA4. 

Ovarian  cancer  cells  contain  an  unusual 
variant  of  LPA2  with  an  intracellular  extension 
[Huang et  al.,  2004],  This  extension  destroys  the 
PDZ  binding  site  in  LPA2  that  may  have 
important  functional  consequences.  The  var¬ 
iant  exhibits  increased  ability  to  link  to  produc¬ 
tion  of  active  VEGF,  an  important  permeability 
and  neovascularizing  factor  [Hu  et  al.,  2001; 
Huang  et  al.,  2004].  LPA  couples  efficiently  to 
VEGF  production  potentially  contributing  to 
the  elevated  VEGF  levels  in  ovarian  cancer 
ascites  [Zebrowski  et  al.,  1999;  Hu  et  al.,  2001], 
Further,  although  LPA1  and  -3  appear  able  to 
couple  to  the  production  of  IL8  and  IL6 
neovasularization  factors,  LPA2  appears  to 
most  efficient  in  mediating  production  of  these 
factors  [Schwartz  et  al.,  2001;  Fang  et  al.,  2003]. 
As  IL8  production  is  dependent  on  NfxB 
mediated  activation  of  the  IL8  promoter,  it 
appears  likely  that  LPA2  couples  most  effi¬ 
ciently  to  activation  of  NftcB  [Fang  et  al.,  2003], 
In  ovarian  cancer,  VEGF  appears  to  play  a 
major  role  in  the  production  of  ascites  whereas 
IL8  production  appears  to  regulate  aggressive¬ 
ness  and  potentially  neovascularization.  The 
effects  of  the  increased  ability  of  LPA2  to  couple 
to  these  pathways  suggest  that  inhibitors  tar¬ 


geting  the  LPA2  receptor  may  selectively  alter 
neovascularization . 

Expression  of  the  ovarian  cancer  specific 
LPA2  variant  in  the  stroma  (the  promoter  used 
does  not  express  or  is  expressed  at  low  levels  in 
the  epithelial  cells  of  the  ovary,  the  most 
frequent  precursor  for  ovarian  cancer)  of  trans¬ 
genic  murine  ovaries  results  in  constitutive 
production  of  active  VEGF-A  again  supportive  a 
selective  role  of  LPA2  in  production  of  neovas¬ 
cularizing  factors  [Huang  et  al.,  2004],  In 
addition  expression  of  the  ovarian  cancer 
specific  LPA2  variant  increases  the  production 
of  urokinase  (uPA),  compatible  with  previous 
reports  showing  that  these  factors  are  regulated 
by  LPA  in  ovarian  cancer  cells  [Pustilnik  et  al., 
1999;  Huang  et  al.,  2004].  This  was  accompa¬ 
nied  by  increased  expression  of  VEGF  receptors 
and  decreased  production  of  type  2  PA  inhibitor. 
Together,  this  suggests  that  activation  of  the 
LPA2  receptor  aberrantly  expressed  in  ovarian 
cancer  cells  may  contribute  to  neovasculariza¬ 
tion  and  also  result  in  ovarian  cancer  cells  being 
responsive  to  VEGF.  If  similar  processes  affect 
other  neovascularizing  factors  such  as  IL6  and 
IL8  activation  of  LPA  receptors  may  stimulate  a 
number  of  aberrant  autocrine  loops. 

LPA  appears  to  activate  a  number  of  addi¬ 
tional  feed-forward  autocrine  signaling  loops. 
For  example,  LPA  can  induce  the  production  of 
endothelin,  a  potent  activator  of  ovarian  cancer 
cells  [Chua  et  al.,  1998].  Indeed,  endothelin 
receptor  isoforms  appear  to  be  aberrantly 
expressed  in  ovarian  cancer.  Alternatively,  the 
effects  of  LPA  on  ovarian  cancer  cells  may  be 
due  to  LPA-induced  production  or  processing  of 
growth  factors,  which  in  turn  activate  cognate 
cell  surface  receptors.  As  described  above,  LPA 
induces  the  activation  of  a  number  of  tyrosine 
kinase  linked  growth  factor  receptors  including 
multiple  members  of  the  human  EGF  receptor 
(HER)  family,  and  the  platelet-derived  growth 
factor  receptor.  LPA-induced  processing  of  HB- 
EGF  and  PDGF,  which,  in  turn,  activates 
members  of  the  HER  family  and  PDGFR 
respectively.  LPA  also  induces  activation  of 
Src  either  through  activation  of  tyrosine  kinase 
linked  receptors  or  through  other  as  yet  unclear 
mechanisms.  As  src  and  EGFR  family  members 
are  overexpressed  in  ovarian  cancers,  this  may 
amplify  the  effects  of  LPA.  Indeed,  we  have 
demonstrated  that  LPA  induces  tyrosine-phos¬ 
phorylation  of  multiple  members  of  the  HER 
family  and  of  Src  in  ovarian  cancer  cells, 
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compatible  with  LPA  inducing  proliferation 
through  the  increased  production  or  action  of 
other  growth  factors  which  activate  members  of 
the  HER  or  PDGFR  family  [Xu  et  al.,  1995;  Fang 
et  al.,  2002;  Mills  et  al.,  2002;  Feng  et  al.,  2003]. 
Nevertheless,  the  relative  role  of  the  direct  and 
indirect  activation  of  ovarian  cancer  cells  by 
LPA  in  the  pathophysiology  of  ovarian  cancer 
remains  to  be  elucidated. 

Ovarian  cancer  cells  may  also  have  aberrant 
responses  to  other  lysophospholipids.  As  indi¬ 
cated  above,  there  are  aberrations  in  the 
expression  of  both  LPA  and  SIP  receptors  that 
could  alter  the  responsiveness  of  ovarian  cancer 
cells  [Goetzl  et  al.,  1999].  In  at  least  one  model 
system,  SIP  can  transdominantly  inhibit 
responses  to  LPA  suggesting  that  the  shift  in 
receptor  selectivity  from  SIP  in  normal  ovarian 
epithelial  cells  to  LPA  in  ovarian  cancer  cells 
may  have  functional  consequences  in  addition 
to  the  effects  of  increased  LPA  receptor  levels 
[Clair  et  al.,  2003],  The  OGR1  orphan  GPCR, 
which  is  overexpressed  in  some  ovarian  cancer 
cell  lines,  has  been  demonstrated  to  be  a  specific 
receptor  for  SPC  [Xu  et  al.,  2003],  SPC  increases 
cytosolic  calcium  in  ovarian  cancer  cells  but 
appears  to  decrease  cellular  proliferation,  ques¬ 
tioning  the  role  of  SPC  and  OGR1  in  transfor¬ 
mation  of  ovarian  epithelium  [Xu  et  al.,  1995], 
LPC,  LPS,  and  PAF  can  activate  ovarian  cancer 
cells,  but  their  effects  on  physiological  res¬ 
ponses  are  unclear  [Xu  et  al.,  1995],  PA,  which 
is  both  a  precursor  and  a  product  of  LPA 
metabolism,  can  modestly  increase  prolifera¬ 
tion  of  ovarian  cancer  cells  [Xu  et  al.,  1995].  The 
complete  spectrum  of  responses  to  the  different 
lipids,  lysolipids,  and  isoforms  in  ovarian  cancer 
will  require  a  thorough  evaluation  of  the  levels 
and  responses  to  these  moieties.  Several  may 
prove  both  to  be  functionally  important  and 
optimal  targets  for  therapy. 

The  responses  of  ovarian  cancer  cells  to  LPA 
have  been  extensively  evaluated  (see  Fang  et  al. , 
2002;  Mills  et  al.,  2002  and  references  therein). 
At  concentrations  to  which  ovarian  cancer  cells 
are  exposed,  LPA  can  modestly  increase  the 
proliferation  of  ovarian  cancer  cells.  Its  patho¬ 
physiological  role  in  ovarian  cancer  may  link 
more  tightly  to  the  metastatic  cascade  than 
to  cell  growth  as  in  addition  to  the  effects  on 
the  production  of  neovascularizing  factors 
described  above,  it  increases  invasiveness 
through  altering  cytosekeletal  organization, 
increasing  cellular  motility,  increasing  produc¬ 


tion  and  action  of  urokinase  plasminogen 
activator  (uPA),  and  activity  of  metalloprotei- 
nases  (MMP2  and  MMP9),  all  critical  compo¬ 
nents  in  the  metastatic  cascade.  For  cells  to 
metastasize,  they  must  detach  from  their 
underlying  matrix  and  move  to  a  new  site.  The 
vast  majority  of  tumor  cells  die  from  anoikis,  a 
form  of  apoptosis.  LPA  is  highly  protective  from 
both  apoptosis  and  anoikis.  The  ability  of  LPA  to 
prevent  apoptosis  may  also  contribute  to  the 
poor  outcome  in  the  disease  through  induced 
resistance  to  the  main  drug  used  in  ovarian 
cancer  cisplatin  [Fang  et  al.,  2002;  Mills  et  al., 
2002], 

The  mechanisms  by  which  LPA  mediates  it 
functional  effects  on  ovarian  cancer  cells  are 
only  beginning  to  be  delineated.  In  ovarian 
cancer  cells,  LPA  through  binding  to  its  cognate 
receptors  induces  increases  in  cytosolic  free 
calcium,  Rac,  Rho,  and  Rock  activation,  activa¬ 
tion  of  phospholipase  C  and  D,  as  well  as 
activation  of  tyrosine  kinases  and  the  PI3K 
and  Ras/MAP  signaling  cascades  [Fang  et  al., 
2002;  Mills  et  al.,  2002;  Feng  et  al.,  2003]. 
These  in  turn  lead  to  activation  of  NFkB,  API, 
and  AP2.  The  roles  of  specific  signaling  path¬ 
ways  in  specific  responses  to  LPA  remain  to  be 
delineated. 

Almost  half  of  all  drugs  in  current  use  target 
members  of  the  GPCR  family  of  receptors 
making  the  Edg  family  of  LPA  receptors 
attractive  targets  for  therapeutic  development. 
By  analyzing  the  structure-function  relation¬ 
ships  of  the  Edg  receptors  using  yeast,  insect 
and  mammalian  cells,  we  and  others  are 
beginning  to  develop  receptor  selective  agonists 
and  antagonists  for  LPA1,  -2,  and  -3  [Fanget  al., 
2002;  Lynch  and  Macdonald,  2002;  Mills  et  al., 
2002;  Feng  et  al.,  2003],  As  LPA1  may  be  a 
negative  growth  regulator,  agonists  of  LPA1 
may  decrease  viability  and  growth  of  ovarian 
cancer  cells.  However,  as  LPA1  can  mediate 
cellular  motility,  this  could  come  at  the  conse¬ 
quence  of  increased  tumor  spread.  In  contrast, 
LPA2  and  -3  can  increase  motility,  production  of 
neovascularizing  factors  and  induce  prolifera¬ 
tion,  respectively,  suggesting  that  antagonists 
may  demonstrate  optimal  activity.  Further, 
LPA2  is  implicated  in  the  production  of  neovas¬ 
cularizing  factors  and  in  particular  IL8,  which 
may  define  the  aggressiveness  of  ovarian  cancer 
[Fang  et  al.,  2003].  LPA3  is  particularly  appeal¬ 
ing  as  it  is  selectively  activated  by  the  subtype  of 
LPA  (with  unsaturated  fatty  acyl  chains)  that 
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are  found  at  high  levels  in  ascites  from  ovarian 
cancer  patients  [Bandoh  et  al.,  1999;  Xiao  et  al., 
2001;  Fang  et  al.,  2002;  Mills  et  al.,  2002;  Feng 
et  al.,  2003].  Indeed,  LPA  subtypes  with  unsa¬ 
turated  fatty  acyl  chains  are  highly  active  on 
ovarian  cancer  cells.  LPA  receptors  are 
expressed  by  multiple  cell  lineages  including 
fibroblasts,  platelets,  and  brain  cells  [Fanget  al., 
2002].  However,  the  observation  that  LPA3  is 
selectively  elevated  in  ovarian  cancer  cells  and 
that  ovarian  cancer  cells  are  particularly 
responsive  to  specific  species  of  LPA  (polyunsa¬ 
turated  fatty  acyl  chains)  suggests  that  inhibi¬ 
tors  based  on  these  forms  of  LPA  may 
demonstrate  specificity  for  ovarian  cancer  cells. 
Taken  together,  ovarian  cancer  appears  to  be 
driven  through  the  production  and  action  of 
LPA.  Thus  inhibitors  of  LPA  production  or 
action  may  provide  an  effective  approach  to 
the  therapy  of  this  disease. 

REFERENCES 

Andre  F,  Schartz  NE,  Movassagh  M,  Flament  C,  Pautier  P, 
Morice  P,  Pomel  C,  Lhomme  C,  Escudier  B,  Le  Chevalier 
T,  Tursz  T,  Amigorena  S,  Raposo  G,  Angevin  E,  Zitvogel 
L.  2002.  Malignant  effusions  and  immunogenic  tumour- 
derived  exosomes.  Lancet  369:295-305. 

Aoki  J,  Taira  A,  Takanezawa  Y,  Kishi  Y,  Hama  K, 
Kishimoto  T,  Mizuno  K,  Saku  K,  Taguchi  R,  Arai  H. 
2002.  Serum  lysophosphatidic  acid  is  produced  through 
diverse  phospholipase  pathways.  J  Biol  Chem  277: 
48737-48744. 

Auersperg  N,  Pan  J,  Grove  BD,  Peterson  T,  Fisher  J, 
Maines-Bandiera  S,  Somasiri  A,  Roskelley  CD.  1999.  E- 
cadherin  induces  mesenchymal-to-epithelial  transition 
in  human  ovarian  surface  epithelium.  Proc  Natl  Acad  Sci 
USA  96:6249-6254. 

Bachner  D,  Ahrens  M,  Schroder  D,  Hoffmann  A,  Lauber  J, 
Betat  N,  Steinert  P,  Flohe  L,  Gross  G.  1998.  Bmp-2 
downstream  targets  in  mesenchymal  development  iden¬ 
tified  by  subtractive  cloning  from  recombinant  mesench¬ 
ymal  progenitors  (C3H10T1/2).  Dev  Dyn  213:398-411. 
Baker  DL,  Morrison  P,  Miller  B,  Riely  CA,  Tolley  B, 
Westermann  AM,  Bonfrer  JM,  Bais  E,  Moolenaar  WH, 
Tigyi  G.  2002.  Plasma  lysophosphatidic  acid  concentra¬ 
tion  and  ovarian  cancer.  JAMA  287:3081-3082. 

Bandoh  K,  Aoki  J,  Hosono  H,  Kobayashi  S,  Kobayashi  T, 
Murakami-Murofushi  K,  Tsujimoto  M,  Arai  H,  Inoue  K. 
1999.  Molecular  cloning  and  characterization  of  a  novel 
human  G-protein-coupled  receptor,  EDG7,  for  lysopho¬ 
sphatidic  acid.  J  Biol  Chem  274:27776-27785. 

Bektas  M,  Barak  LS,  Jolly  PS,  Liu  H,  Lynch  KR,  Lacana  E, 
Suhr  KB,  Milstien  S,  Spiegel  S.  2003.  The  G  protein- 
coupled  receptor  GPR4  suppresses  ERK  activation  in  a 
ligand-independent  manner.  Biochemistry  42:12181- 
12191. 

Ben-Shlomo  I,  Kol  S,  Ando  M,  Altman  KR,  Putowski  LT, 
Rohan  RM,  Adashi  EY.  1997.  Ovarian  expression, 
cellular  localization,  and  hormonal  regulation  of  rat 


secretory  phospholipase  A2:  increased  expression  by 
interleukin-1  and  by  gonadotropins.  Biol  Reprod  57: 
217-225. 

Black  EJ,  Clair  T,  Delrow  J,  Neiman  P,  Gillespie  DA.  2004. 
Microarray  analysis  identifies  Autotaxin,  a  tumour  cell 
motility  and  angiogenic  factor  with  lysophospholipase  D 
activity,  as  a  specific  target  of  cell  transformation  by  v- 
Jun.  Oncogene,  in  press. 

Brindley  DN,  English  D,  Pilquil  C,  Buri  K,  Ling  ZC.  2002. 
Lipid  phosphate  phosphatases  regulate  signal  transduc¬ 
tion  through  glycerolipids  and  sphingolipids.  Biochim 
Biophys  Acta  1582:33-44. 

Chua  CC,  Hamdy  RC,  Chua  BH.  1998.  Upregulation  of 
endothelin-1  production  by  lysophosphatidic  acid  in  rat 
aortic  endothelial  cells.  Biochim  Biophys  Acta  1405: 
29-34. 

Clair  T,  Aoki  J,  Nam  SW,  Bandle  R,  Woodhouse  E, 
Ptaszynska  M,  Koh  EJ,  Braverman  R,  Mills  G.B,  Schiff- 
man  E,  Liotta  L.A,  Stracke  ML.  2003.  Autotaxin  hydro¬ 
lyzes  phospholipids  to  produce  a  migration  stimulator, 
lysophosphatidic  acid,  or  a  migration  inhibitor,  sphingo- 
sine-l-phosphate.  Cancer  Res  63:5446-5453. 

Drees  BE,  Weipert  A,  Hudson  H,  Ferguson  CG,  Chakra- 
varty  L,  Prestwich  GD.  2003.  Competitive  fluorescent 
polarization  assay  for  detection  of  phosphoinositide 
kinase  and  phosphatase  activity.  Comb  Chem  High 
Throughput  Screen  6:321-330. 

Eder  AM,  Sasagawa  T,  Mao  M,  Aoki  J,  Mills  GB.  2000. 
Constitutive  and  lysophosphatidic  acid  (LPA)-induced 
LPA  production:  Role  of  phospholipase  D  and  phospho¬ 
lipase  A2.  Clin  Cancer  Res  6:2482-2491. 

FangX,  Schummer  M,  Mao  M,  Yu  S,  Tabassam  FH,  Swaby 
R,  Hasegawa  Y,  Tanyi  JL,  LaPushin  R,  Eder  A,  Jaffe  R, 
Erickson  J,  Mills  GB.  2002.  Lysophosphatidic  acid  is  a 
bioactive  mediator  in  ovarian  cancer.  Biochim  Biophys 
Acta  1582:257-264. 

Fang  X,  Yu  S,  Bast  RC,  Liu  S,  Xu  HJ,  Hu  SX,  LaPushin  R, 
Claret  FX,  Aggarwal  BB,  Lu  Y,  Mills  GB.  2004. 
Mechanisms  for  lysophosphatidic  acid-induced  cytokine 
production  in  ovarian  cancer  cells.  J  Biol  Chem  279: 
9653-9661. 

Feng  L,  Manabe  K,  Shope  JC,  Widmer  S,  DeWald  DB, 
Prestwich  GD.  2002.  A  Real-time  fluorogenic  phospho¬ 
lipase  A2  assay  for  biochemical  and  cellular  activity 
measurements.  Chem  Biol  9:795-803. 

Feng  L,  Mills  GB,  Prestwich  GD.  2003.  Modulators  of 
lysophosphatidic  acid  signaling,  Expert  Opin.  Therapeut 
Pat  13:1619-1634. 

Ferry  G,  Tellier  E,  Try  A,  Gres  S,  Naime  I,  Simon  MF, 
Rodriguez  M,  Boucher  J,  Tack  I,  Gesta  S,  Chomarat  P, 
Dieu  M,  RaesM,  GalizziJP,  Valet  P,  Boutin  JA,  Saulnier- 
Blache  JS.  2003.  Autotaxin  is  released  from  adipocytes, 
catalyzes  lysophosphatidic  acid  synthesis,  and  activates 
preadipocyte  proliferation.  Up-regulated  expression  with 
adipocyte  differentiation  and  obesity.  J  Biol  Chem 
278:18162-18169. 

Fidler  IJ.  2003.  The  pathogenesis  of  cancer  metastasis:  The 
‘seed  and  soil’  hypothesis  revisited.  Nat  Rev  Cancer  3: 
453-458. 

Fourcade  O,  Simon  MF,  Viode  C,  Rugani  N,  Leballe  F, 
Ragab  A,  Fournie  B,  Sarda  L,  Chap  H.  1995.  Secretory 
phospholipase  A2  generates  the  novel  lipid  mediator 
lysophosphatidic  acid  in  membrane  microvesicles  shed 
from  activated  cells.  Cell  80:919-927. 


1138 


Umezu-Goto  et  al. 


Fourcade  O,  Le  Balle  F,  Fauvel  J,  Simon  MF,  Chap  H.  1998. 
Regulation  of  secretory  type-II  phospholipase  A2  and  of 
lysophosphatidic  acid  synthesis.  Adv  Enzyme  Regul  38: 
99-107. 

Furui  T,  LaPushin  R,  Mao  M,  Kahn  H,  Watt  SR,  Watt  MV, 
Lu  Y,  Fang  XJ,  Tsutusi  S,  Siddik  Z,  Bast  R,  Mills  GB. 
1999.  Overexpression  of  Edg-2/vzg-l  induces  apoptosis 
and  anoikis  in  ovarian  cancer  cells  in  a  lysophosphatidic 
acid  independent  manner.  Clin  Cancer  Res  5:4308- 
4318. 

Gerrard  JM,  Robinson  P.  1989.  Identification  of  the 
molecular  species  of  lysophosphatidic  acid  produced 
when  platelets  are  stimulated  by  thrombin.  Biochim 
Biophys  Acta  1001:282-285. 

Gesta  S,  Simon  MF,  Rey  A,  Sibrac  D,  Girard  A,  Lafontan  M, 
Valet  P,  Saulnier-Blache  JS.  2002.  Secretion  of  a 
lysophospholipase  D  activity  by  adipocytes:  Involvement 
in  lysophosphatidic  acid  synthesis.  J  Lipid  Res  43:904- 
910. 

Ginestra  A,  Miceli  D,  Dolo  V,  Romano  FM,  Vittorelli  ML. 
1999.  Membrane  vesicles  in  ovarian  cancer  fluids:  A  new 
potential  marker.  Anticancer  Res  19:3439-3445. 

Gjone  E.  1982.  Familial  lecithin  cholesterol  acyltransferase 
(LCAT)  deficiency.  Birth  Defects  Orig  Artie  Ser  18:423— 
431. 

Goetzl  EJ,  Dolezalova  H,  Kong  Y,  Hu  YL,  Jaffe  RB,  Kalli 
KR,  Conover  CA.  1999.  Distinctive  expression  and 
functions  of  the  type  4  endothelial  differentiation  gene- 
encoded  G  protein-coupled  receptor  for  lysophosphatidic 
acid  in  ovarian  cancer.  Cancer  Res  59:5370-5375. 

Goetzl  E J,  Lee  H,  Azuma  T,  Stossel  TP,  Turck  CW,  Karliner 
JS.  2000.  Gelsolin  binding  and  cellular  presentation  of 
lysophosphatidic  acid.  J  Biol  Chem  275:14573-14578. 

Graler  MH,  Goetzl  E  J.  2002.  Lysophospholipids  and  their  G 
protein-coupled  receptors  in  inflammation  and  immu¬ 
nity.  Biochim  Biophys  Acta  1582:168-174. 

Gschwind  A,  Hart  S,  Fischer  OM,  Ullrich  A.  2003.  TACE 
cleavage  of  proamphiregulin  regulates  GPCR-induced 
proliferation  and  motility  of  cancer  cells.  EMBO  J  22: 
2411-2421. 

Hanahan  D,  Weinberg  RA.  2000.  The  hallmarks  of  cancer. 
Cell  100(11:57-70. 

HasegawaY,  Erickson  JR,  Goddard  GJ,  Yu  S,  Liu  S,  Cheng 
KW,  Eder  A,  Bandoh  K,  Aoki  J,  Jarosz  R,  Schrier  AD, 
Lynch  KR,  Mills  GB,  Fang  X.  2003.  Identification  of  a 
phosphothionate  analogue  of  lysophosphatidic  acid  as  a 
selective  agonist  of  the  LPA3  receptor.  J  Biol  Chem  278: 
11962-11969. 

Hiramatsu  T,  Sonoda  H,  Takanezawa  Y,  Morikawa  R, 
Ishida  M,  Kasahara  K,  Sanai  Y,  Taguchi  R,  Aoki  J, 
Arai  H.  2003.  Biochemical  and  molecular  characteriza¬ 
tion  of  two  phosphatidic  acid-selective  phospholipase 
Als,  mPA-PLAlalpha  and  mPA-PLAlbeta.  J  Biol  Chem 
278:49438-49447. 

Hu  Y-L,  Goetzl  EJ,  Mills  GB,  Ferrara  N,  Jaffe  RB.  2001. 
Induction  of  vascular  endothelial  growth  factor  expres¬ 
sion  by  lysophosphatidic  acid  in  normal  and  neoplastic 
human  ovarian  epithelial  cells.  J  Natl  Cancer  Institute 
93:762-767. 

Huang  MC,  Lee  HY,  Yeh  CC,  Kong  Y,  Zaloudek  CJ,  Goetzl 
EJ.  2004.  Induction  of  protein  growth  factor  systems  in 
the  ovaries  of  transgenic  mice  overexpressing  human 
type  2  lysophosphatidic  acid  G  protein-coupled  receptor 
(LPA2).  Oncogene  23:122-129. 


Imai  A,  Furui  T,  Tamaya  T,  Mills  GB.  2000.  A  gonado¬ 
tropin-releasing  hormone-responsive  phosphatase  hydro¬ 
lyses  lysophosphatidic  acid  within  the  plasma  membrane 
of  ovarian  cancer  cells.  J  Clin  Endrocrinol  Metab  85: 
3370-3375. 

Kabarowski  JH,  Zhu  K,  Le  LQ,  Witte  ON,  Xu  Y.  2001. 
Lysophosphatidylcholine  as  a  ligand  for  the  immunor- 
egulatory  receptor  G2A.  Science  293:702—705. 

Kam  Y,  Exton  JH.  2004.  Role  of  phospholipase  D1  in  the 
regulation  of  mTOR  activity  by  lysophosphatidic  acid. 
FASEBJ  18:311-319. 

Kinkaid  AR,  Othman  R,  Voysey  J,  Wilton  DC.  1998. 
Phospholipase  D  and  phosphatidic  acid  enhance  the 
hydrolysis  of  phospholipids  in  vesicles  and  in  cell 
membranes  by  human  secreted  phospholipase  A2.  Bio¬ 
chim  Biophys  Acta  1390:173-185. 

Koh  E,  Clair  T,  Woodhouse  EC,  Schiffmann  E,  Liotta  L, 
Stracke  M.  2003.  Site-directed  mutations  in  the  tumor- 
associated  cytokine,  autotaxin,  eliminate  nucleotide 
phosphodiesterase,  lysophospholipase  D,  and  motogenic 
activities.  Cancer  Res  63:2042—2045. 

Kooijman  EE,  Chupin  V,  de  Kruijff  B,  Burger  KN.  2003. 
Modulation  of  membrane  curvature  by  phosphatidic  acid 
and  lysophosphatidic  acid.  Traffic  4:162-174. 

Kudo  I,  Murakami  M,  Hara  S,  Inoue  K.  1993.  Mammalian 
non-pancreatic  phospholipases  A2.  Biochim  Biophys  Acta 
1170:217-231. 

Ludwig  MG,  Vanek  M,  Guerini  D,  Gasser  JA,  Jones  CE, 
Junker  U,  Hofstetter  H,  Wolf  RM,  Seuwen  K.  2003. 
Proton-sensing  G-protein-coupled  receptors.  Nature  425: 
93-98. 

Luquain  C,  Sciorra  VA,  Morris  AJ.  2003a.  Lysophosphati¬ 
dic  acid  signaling:  How  a  small  lipid  does  big  things. 
Trends  Biochem  Sci  28:377-383. 

Luquain  C,  Singh  A,  Wang  L,  Natarajan  V,  Morris  AJ. 
2003b.  Role  of  phospholipase  D  in  agonist-stimulated 
lysophosphatidic  acid  synthesis  by  ovarian  cancer  cells.  J 
Lipid  Res  44:1963-1975. 

Lynch  KR,  Macdonald  TL.  2002.  Structure-activity  rela¬ 
tionships  of  lysophosphatidic  acid  analogs.  Biochim 
Biophys  Acta  1582:289-294. 

Matsuo  H,  Chevallier  J,  Mayran  N,  LeBlanc  I,  Ferguson  C, 
Faure  J,  Blanc  NS,  Matile  S,  Dubochet  J,  Sadoul  R, 
Parton  RG,  Vilbois  R,  Gruenberg  J.  2004.  Role  of  LBPA 
and  Alix  in  multivesicular  liposome  formation  and 
endosome  organization.  Science  303:531-534. 

McIntyre  TM,  Pontstler  AV,  Silva  AR,  St  Hilaire  A,  Xu  Y, 
Hinshaw  JC,  Zimmerman  GA,  Hama  K,  Aoki  J,  Arai  H, 
Prestwich  GD.  2002.  Identification  of  an  intracellular 
receptor  for  lysophosphatidic  acid  (LPA):  LPA  is  a 
transcellular  ppary  agonist.  Proc  Natl  Acad  Sci  USA 
100:131-136. 

Mehta  AI,  Ross  S,  Lowenthal  MS,  Fusaro  V,  Fishman  DA, 
Petricoin  EF,  Liotta  LA.  2004.  Biomarker  amplification 
by  serum  carrier  protein  binding.  Dis  Markers  19:1-10. 

Mills  GB,  Moolenaar  WH.  2003.  The  emerging  role  of  lyso¬ 
phosphatidic  acid  in  cancer.  Nat  Rev  Cancer  8:582-591. 

Mills  GB,  Eder  A,  Fang  X,  Hasegawa  Y,  Mao  M,  Lu  Y, 
Tanyi  J,  Tabassam  FH,  Wiener  J,  Lapushin  R,  Yu  S, 
Parrott  JA,  Compton  T,  Tribley  W,  Fishman  D,  Stack 
MS,  Gaudette  D,  Jaffe  R,  Furui  T,  Aoki  J,  Erickson  JR. 
2002.  Critical  role  of  lysophospholipids  in  the  pathophy¬ 
siology,  diagnosis,  and  management  of  ovarian  cancer. 
Cancer  Treat  Res  107:259-283. 


Lysophosphatidic  Acid  and  Cancer  Treatment 


1139 


Morgan  CP,  Sengelov  H,  Whatmore  J,  Borregaard  N, 
Cockcroft  S.  1997.  ADP-ribosylation-factor-regulated 
phospholipase  D  activity  localizes  to  secretory  vesicles 
and  mobilizes  to  the  plasma  membrane  following  N- 
formylmethionyl-leucyl-phenylalanine  stimulation  of 
human  neutrophils.  Biochem  J  325:581-585. 

Murata  J,  Lee  HY,  Clair  T,  Krutzsch  HC,  Arestad  AA,  Sobel 
ME,  Liotta  LA,  Stracke  ML.  1994.  Cloning  of  the  human 
tumor  motility-stimulating  protein,  autotaxin,  reveals  a 
homology  with  phosphodiesterases.  J  Biol  Chem  269: 
30479-30484. 

Nam  SW,  Clair  T,  Campo  CK,  Lee  HY,  Liotta  LA,  Stracke 
ML.  2000.  Autotaxin  (ATX),  a  potent  tumor  motogen, 
augments  invasive  and  metastatic  potential  of  ras- 
transformed  cells.  Oncogene  19:241-247. 

Nam  SW,  Clair  T,  Kim  YS,  McMarlin  A,  Schiffmann  E, 
Liotta  LA,  Stracke  ML.  2001.  Autotaxin  (NPP-2),  a 
metastasis-enhancing  motogen,  is  an  angiogenic  factor. 
Cancer  Res  61:6938-6944. 

Natarajan  V,  Scribner  WM,  Hart  CM,  Parthasarathy  S. 
1995.  Oxidized  low  density  lipoprotein-mediated  activa¬ 
tion  of  phospholipase  D  in  smooth  muscle  cells:  A  possible 
role  in  cell  proliferation  and  atherogenesis.  J  Lipid  Res 
36:2005-2016. 

Noguchi  K,  Ishii  S,  Shimizu  T.  2003.  Identification  of  p2y9/ 
GPR23  as  a  novel  G  protein-coupled  receptor  for  lysopho¬ 
sphatidic  acid,  structurally  distant  from  the  Edg  family.  J 
Biol  Chem  278:25600-25606. 

Okusa  MD,  Ye  H,  Huang  L,  Sigismund  L,  Macdonald  T, 
Lynch  KR.  2003.  Selective  blockade  of  lysophosphatidic 
acid  LPA3  receptors  reduces  murine  renal  ischemia- 
reperfusion  injury.  Am  J  Physiol  Renal  Physiol  285: 
F565-F574. 

Petricoin  EF,  Ardekani  AM,  Hitt  BA,  Levine  PJ,  Fusaro 
VA,  Steinberg  SM,  Mills  GB,  Simone  C,  Fishman  DA, 
Kohn  EC,  Liotta  LA.  2002.  Use  of  proteomic  patterns  in 
serum  to  identify  ovarian  cancer.  Lancet  359:572-577. 

Prenzel  N,  Zwick  E,  Daub  H,  Leserer  M,  Abraham  R, 
Wallasch  C,  Ullrich  A.  1999.  EGF  receptor  transactiva¬ 
tion  by  G-protein-coupled  receptors  requires  metallopro¬ 
teinase  cleavage  of  proHB-EGF.  Nature  402:884-888. 

Pustilnik  TB,  Estrella  V,  Wiener  JR,  Mao  M,  Eder  A,  Watt 
MA,  Bast  RC,  Jr„  Mills  GB.  1999.  Lysophosphatidic  acid 
induces  urokinase  secretion  by  ovarian  cancer  cells.  Clin 
Cancer  Res  5:3704-3710. 

Qian  L,  Xu  Y,  Hasegawa  Y,  Aoki  J,  Mills  GB,  Prestwich  GD. 
2003.  Enantioselective  responses  to  a  phosphorothioate 
analogue  of  lysophosphatidic  acid  with  LPA3  receptor- 
selective  agonist  activity.  J  Med  Chem  46:5575-5578. 

Sano  T,  Baker  D,  Virag  T,  Wada  A,  Yatomi  Y,  Kobayashi  T, 
Igarashi  Y,  Tigyi  G.  2002.  Multiple  mechanisms  linked  to 
platelet  activation  result  in  lysophosphatidic  acid  and 
sphingosine  1-phosphate  generation  in  blood.  J  Biol 
Chem  277:21197-22206. 

Sasagawa  T,  Suzuki  K,  Shiota  T,  Kondo  T,  Okita  M.  1998. 
The  significance  of  plasma  lysophospholipids  in  patients 
with  renal  failure  on  hemodialysis.  J  Nutr  Sci  Vitaminol 
(Tokyo)  44:809-818. 

Sasagawa  T,  Okita  M,  Murakami  J,  Kato  T,  Watanabe  A. 
1999.  Abnormal  serum  lysophospholipids  in  multiple 
myeloma  patients.  Lipids  34(1):17-21. 

Schaner  ME,  Ross  DT,  Ciaravino  G,  Sorlie  T,  Troyanskaya 
O,  Diehn  M,  WangYC,  Duran  GE,  SikicTL,  Caldeira  S, 
Skomedal  H,  Tu  IP,  Hernandez-Boussard  T,  Johnson 


SW,  O’Dwyer  PJ,  Fero  MJ,  Kristensen  GB,  Borresen- 
Dale  AL,  Hastie  T,  Tibshirani  R,  van  de  Rijn  M,  Teng  NN, 
Longacre TA,  Botstein  D,  Brown  PO,  Sikic BI.  2003.  Gene 
expression  patterns  in  ovarian  carcinomas.  Mol  Biol  Cell 
14:4376-4386. 

Schmidt  A,  Wolde  M,  Thiele  C,  Fest  W,  Kratzin  H, 
Podtelejnikov  AV,  Witke  W,  Huttner  WB,  Soling  HD. 
1999.  Endophilin  I  mediates  synaptic  vesicle  formation 
by  transfer  of  arachidonate  to  lysophosphatidic  acid. 
Nature  401:133-141. 

Schwartz  BM,  Hong  G,  Morrison  BH,  Wu  W,  Baudhuin  LM, 
Xiao  YJ,  Mok  SC,  Xu  Y.  2001.  Lysophospholipids  increase 
interleukin-8  expression  in  ovarian  cancer  cells.  Gynecol 
Oncol  81:291-300. 

Sengupta  S,  Xiao  YJ,  Xu  Y.  2003.  A  novel  laminin-induced 
LPA  autocrine  loop  in  the  migration  of  ovarian  cancer 
cells.  FASEB  J  17:1570-1572. 

Shen  Z,  Belinson  J,  Morton  RE,  Xu  Y,  Xu  Y.  1998.  Phorbol 
12-myristate  13-acetate  stimulates  lysophosphatidic  acid 
secretion  from  ovarian  and  cervical  cancer  cells  but  not 
from  breast  or  leukemia  cells.  Gynecol  Oncol  71:364-368. 

Shen  Z,  Wu  M,  Elson  P,  Kennedy  AW,  Belinson  J,  Casey  G, 
Xu  Y.  2001.  Fatty  acid  composition  of  lysophosphatidic 
acid  and  lysophosphatidylinositol  in  plasma  from 
patients  with  ovarian  cancer  and  other  gynecological 
diseases.  Gynecol  Oncol  83:25-30. 

Siess  W,  Zangl  KJ,  Essler  M,  Bauer  M,  Brandi  R,  Corrinth 
C,  Bittman  R,  Tigyi  G,  Aepfelbacher  M.  1999.  Lysopho¬ 
sphatidic  acid  mediates  the  rapid  activation  of  platelets 
and  endothelial  cells  by  mildly  oxidized  low  density 
lipoprotein  and  accumulates  in  human  atherosclerotic 
lesions.  Proc  Natl  Acad  Sci  USA  96:6931-6936. 

Siess  W,  Zangl  KJ,  Essler  M,  Bauer  M,  Brandi  R,  Corrinth 
C,  Bittman  R,  Tigyi  G,  Aepfelbacher  M.  1999.  Lysopho¬ 
sphatidic  acid  mediates  the  rapid  activation  of  platelets 
and  endothelial  cells  by  mildly  oxidized  low  density 
lipoprotein  and  accumulates  in  human  atherosclerotic 
lesions.  Proc  Natl  Acad  Sci  USA  96:6931-6936. 

Smyth  SS,  Sciorra  VA,  Sigal  YA,  Wang  Z,  Xu  Y,  Prestwich 
GD,  Morris  AJ.  2003.  Lipid  phosphate  phosphatase  1 
(LPP1)  regulates  lysophosphatidic  acid  signaling  in 
platelets.  J  Biol  Chem  278:43214-43223. 

Stassar  MJ,  Devitt  G,  Brosius  M,  Rinnab  L,  Prang  J, 
Schradin  T,  Simon  J,  Petersen  S,  Kopp-Schneider  A, 
Zoller  M.  2001.  Identification  of  human  renal  cell 
carcinoma  associated  genes  by  suppression  subtractive 
hybridization.  Br  J  Cancer  85:1372-1382. 

Su  AI,  Welsh  JB,  Sapinoso  LM,  Kern  SG,  Dimitrov  P,  Lapp 
H,  Schultz  PG,  Powell  SM,  Moskaluk  CA,  Frierson  HF, 
Jr.,  Hampton  GM.  2001.  Molecular  classification  of 
human  carcinomas  by  use  of  gene  expression  signatures. 
Cancer  Res  61:7388-7393. 

Sugiura  T,  Nakane  S,  Kishimoto  S,  Waku  K,  Yoshioka  Y, 
Tokumura  A.  2002.  Lysophosphatidic  acid,  a  growth 
factor-like  lipid,  in  the  saliva.  J  Lipid  Res  43:2049-2055. 

Takahashi  A,  Sasaki  H,  Kim  SJ,  Tobisu  K,  Kakizoe  T, 
Tsukamoto  T,  Kumamoto  Y,  Sugimura  T,  Terada  M. 
1994.  Markedly  increased  amounts  of  messenger  RNAs 
for  vascular  endothelial  growth  factor  and  placenta 
growth  factor  in  renal  cell  carcinoma  associated  with 
angiogenesis.  Cancer  Res  54:4233-4237. 

Tanyi  JL,  Morris  AJ,  Wolf  JK,  Fang  X,  Hasegawa  Y, 
Lapushin  R,  Auersperg  N,  Sigal  YJ,  Newman  RA,  Felix 
EA,  Atkinson  EN,  Mills  GB.  2003a.  The  human  lipid 


1140 


Umezu-Goto  et  al. 


phosphate  phosphatase-3  decreases  the  growth,  survival, 
and  turaorigenesis  of  ovarian  cancer  cells:  Validation  of 
the  lysophosphatidic  acid  signaling  cascade  as  a  target 
for  therapy  in  ovarian  cancer.  Cancer  Res  63:1073- 
1082. 

Tanyi  JL,  Morris  AM,  Wolf  JK,  Bast  RC,  Lu  K,  Smith  D, 
Kalli  K,  Hartmann  L,  McCune  K,  Lu  K,  Broaddus  R, 
Cheng  KW,  Atkinson  EN,  Yamal  JM,  Lapushin  R,  Mills 
GB.  2003b.  Role  of  decreased  levels  of  LPP-1  in 
accumulation  of  lysophosphatidic  acid  (LPA)  in  ovarian 
cancer.  Clinical  Cancer  Res  9:3534-3545. 

Tice  DA,  Szeto  W,  Soloviev  I,  Rubinfeld  B,  Fong  SE,  Dugger 
DL,  Winer  J,  Williams  PM,  Wieand  D,  Smith  V,  Schwall 
RH,  Pennica  D,  Polakis  P.  2002.  Synergistic  induction  of 
tumor  antigens  by  Wnt-1  signaling  and  retinoic  acid 
revealed  by  gene  expression  profiling.  J  Biol  Chem  277: 
14329-14335. 

Tigyi  G,  Parrill  AL.  2003.  Molecular  mechanisms  of 
lysophosphatidic  acid  action.  Prog  Lipid  Res  42:498- 
526. 

Tokumura  A,  Iimori  M,  Nishioka  Y,  Kitahara  M,  Sakashita 
M,  Tanaka  S.  1994.  Lysophosphatidic  acids  induce 
proliferation  of  cultured  vascular  smooth  muscle  cells 
from  rat  aorta.  Am  J  Physiol  267:C204-C210. 

Tokumura  A,  Kanaya  Y,  Miyake  M,  Yamano  S,  Irahara  M, 
Fukuzawa  K.  2002a.  Increased  production  of  bioactive 
lysophosphatidic  acid  by  serum  lysophospholipase  D  in 
human  pregnancy.  Biol  Reprod  67:1386-1392. 

Tokumura  A,  Kanaya  Y,  Kitahara  M,  Miyake  M,  Yoshioka 
Y,  Fukuzawa  K.  2002b.  Increased  formation  of  lysopho¬ 
sphatidic  acids  by  lysophospholipase  D  in  serum  of 
hypercholesterolemic  rabbits.  J  Lipid  Res  43:307-315. 

Tokumura  A,  Majima  E,  Kariya  Y,  Tominaga  K,  Kogure  K, 
Yasuda  K,  Fukuzawa  K.  2002c.  Identification  of  human 
plasma  lysophospholipase  D,  a  lysophosphatidic  acid- 
producing  enzyme,  as  autotaxin,  a  multifunctional 
phosphodiesterase.  J  Biol  Chem  277:39436-39442. 

Tokumura  A,  Tominaga  K,  Yasuda  K,  Kanzaki  H,  Kogure 
K,  Fukuzawa  K.  2002d.  Lack  of  significant  differences  in 
the  corrected  activity  of  lysophospholipase  D,  producer  of 
phospholipid  mediator  lysophosphatidic  acid,  in  incu¬ 
bated  serum  from  women  with  and  without  ovarian 
tumors.  Cancer  94(11:141—151. 

Umezu-Goto  M,  Kishi  Y,  Taira  A,  Hama  K,  Dohmae  N, 
Takio  K,  Yamori  T,  Mills  GB,  Inoue  K,  Aoki  J,  Arai  H. 
2002.  Autotaxin  has  lysophospholipase  D  activity  leading 
to  tumor  cell  growth  and  motility  by  lysophosphatidic 
acid  production.  J  Cell  Biol  158:227-233. 

van  der  Bend  RL,  de  Widt  J,  van  Corven  EJ,  Moolenaar 
WH,  van  Blitterswijk  WJ.  1992.  The  biologically  active 
phospholipid,  lysophosphatidic  acid,  induces  phosphati¬ 
dylcholine  breakdown  in  fibroblasts  via  activation  of 
phospholipase  D.  Comparison  with  the  response  to 
endothelin.  Biochem  J  285:235-240. 

Westermann  AM,  Havik  E,  Postma  FR,  Beijnen  JH,  Dalesio 
O,  Moolenaar  WH,  Rodenhuis  S.  1998.  Malignant 
effusions  contain  lysophosphatidic  acid  (LPA)-like  activ¬ 
ity.  Ann  Oncol  9:437-442. 

Wolter  S,  Mushinski  JF,  Saboori  AM,  Resch  K,  Kracht  M. 
2002.  Inducible  expression  of  a  constitutively  active 
mutant  of  mitogen-activated  protein  kinase  kinase  7 
specifically  activates  c-JUN  NH2-terminal  protein 


kinase,  alters  expression  of  at  least  nine  genes,  and 
inhibits  cell  proliferation.  J  Biol  Chem  277:3576-3584. 

Xiao  Y,  Chen  Y,  Kennedy  AW,  Belinson  J,  Xu  Y.  2000. 
Evaluation  of  plasma  lysophospholipids  for  diagnostic 
significance  using  electrospray  ionization  mass  spectro¬ 
metry  (ESI-MS)  analyses.  Ann  NY  Acad  Sci  905:242- 
259. 

Xiao  YJ,  Schwartz  B,  Washington  M,  Kennedy  A,  Webster 
K,  Belinson  J,  Xu  Y.  2001.  Electrospray  ionization  mass 
spectrometry  analysis  of  lysophospholipids  in  human 
ascitic  fluids:  Comparison  of  the  lysophospholipid  con¬ 
tents  in  malignant  vs  nonmalignant  ascitic  fluids.  Anal 
Biochem  290:302-313. 

Xie  Y,  Gibbs  TC,  Mukhin  YV,  Meier  KE.  2002.  Role  for  18:1 
lysophosphatidic  acid  as  an  autocrine  mediator  in 
prostate  cancer  cells.  J  Biol  Chem  277:32516-32526. 

Xu  Y,  Prestwich  GD.  2002.  Synthesis  of  chiral  (a,a- 
Difluoroalkyl)phosphonate  analogues  of  (Lyso)phospha- 
tidic  acid  via  hydrolytic  kinetic  resolution.  Organic  Lett 
4:4021-4024. 

Xu  Y,  Fang  XF,  Casey  G,  Mills  GB.  1995.  Lysopho¬ 
spholipids  activate  ovarian  and  breast  cancer  cells. 
Biochem  J  309:933-940. 

Xu  Y,  Shen  Z,  Wiper  DW,  Wu  M,  Morton  RE,  Elson  P, 
Kennedy  AW,  Belinson  J,  Markman  M,  Casey  G.  1998. 
Lysophosphatidic  acid  as  a  potential  biomarker  for 
ovarian  and  other  gynecologic  cancers.  JAMA  280:719- 
723. 

Xu  Y,  Xiao  YJ,  Zhu  K,  Baudhuin  LM,  Lu  J,  Hong  G,  Kim 
KS,  Cristina  KL,  Song  L,  S  Williams  F,  Elson  P, 
Markman  M,  Belinson  J.  2003.  Unfolding  the  pathophy¬ 
siological  role  of  bioactive  lysophospholipids.  Curr  Drug 
Targets  Immune  Endocr  Metabol  Disord  3:23-32. 

Xu  Y,  Fang  Y,  Chen  J,  Prestwich  GD.  2004.  Activation  of 
mTOR  signaling  by  novel  fluoromethylene  phosphonate 
analogues  of  phosphatidic  acid.  Bioorg  Med  Chem  Lett 
14:1461-1464. 

Yang  AH,  Ishii  I,  Chun  J.  2002a.  In  vivo  roles  of  lysopho¬ 
spholipid  receptors  revealed  by  gene  targeting  studies  in 
mice.  Biochim  Biophys  Acta  1582:197-203. 

Yang  SY,  Lee  J,  Park  CG,  Kim  S,  Hong  S,  Chung  HC,  Min 
SK,  Han  JW,  Lee  HW,  Lee  HY.  2002b.  Expression  of 
autotaxin  (NPP-2)  is  closely  linked  to  invasiveness  of 
breast  cancer  cells.  Clin  Exp  Metastasis  19:603-608. 

Yoon  HR,  Kim  H,  Cho  SH.  2003.  Quantitative  analysis  of 
acyl-lysophosphatidic  acid  in  plasma  using  negative 
ionization  tandem  mass  spectrometry.  J  Chromatogr  B 
Analyt  Technol  Biomed  Life  Sci  788:85-92. 

Zebrowski  B.K,  Liu  W,  Ramirez  K,  Akagi  MD,  Mills  G.B, 
Ellis  LM.  1999.  Markedly  elevated  levels  of  vascular 
endothelial  growth  factor  in  malignant  ascites.  Ann  Surg 
Oncol  6:373-378. 

Zhang  C,  Baker  DL,  Yasuda  S,  Makarova  N,  Balazs  L, 
Johnson  LR,  Marathe  GK,  McIntyre  TM,  Xu  Y,  Pre¬ 
stwich  GD,  Byun  HS,  Bittman  R,  Tigyi  G.  2004.  Lysopho¬ 
sphatidic  acid  induces  neointima  formation  through 
PPARy  activation.  J  Exp.  Med  199:763-774. 

Zhu  K,  Baudhuin  LM,  Hong  G,  Williams  FS,  Cristina  KL, 
Kabarowski  JH,  Witte  ON,  Xu  Y.  2001.  Sphingosylpho- 
sphorylcholine  and  lysophosphatidylcholine  are  ligands 
for  the  G  protein-coupled  receptor  GPR4.  J  Biol  Chem 
276:41325-41335. 


LYSOPHOSPHATIDIC  ACID  LIPIDOMICS  REVEALS  AN 
INTERACTION  BETWEEN  PYRUVATE  KINASE  AND  CLATHRIN 

HEAVY  CHAIN/HSP70* 

Sophie  Desmaret1’4,  Lian  Qian2’4,  Berlinda  Vanloo1,4,  Kris  Meerschaert1,  Jozef  Van 
Damme1,  Johan  Grooten3,  Joel  Vandekerckhove1,  Glenn  D.  Prestwich2  and  Jan 

Gettemans1*. 

'From  the  Department  of  Medical  Protein  Research,  Flanders  Interuniversity  Institute 
for  Biotechnology  (VIB),  Ghent  University,  Faculty  of  Medicine  and  Health  Sciences, 
Albert  Baertsoenkaai  3,  B-9000  Ghent,  Belgium,  department  of  Medicinal  Chemistry, 
the  University  of  Utah,  419  Wakara  Way,  Suite  205,  Salt  Lake  City,  UT  84108-1257, 
USA  and  department  of  Molecular  Biomedical  Research,  Molecular  Immunology  Unit, 
VIB,  Ghent  University,  Ghent,  Belgium.  4These  authors  contributed  equally  to  this 

work. 

Running  title:  Pyruvate  kinase-LPA  interaction 
Address  correspondence  to:  Jan  Gettemans,  Department  of  Medical  Protein  Research,  Flanders 
Interuniversity  Institute  for  Biotechnology  (VIB),  Ghent  University,  Faculty  of  Medicine  and  Health 
Sciences,  A.  Baertsoenkaai  3,  B-9000  Ghent,  Belgium. 

Tel:  +  32  9  2649340;  Fax:  +  32  9  2649490;  E-Mail:  ian.gettemans@ugent.be 
Keywords:  pyruvate  kinase,  phospholipid,  lysophosphatidic  acid,  lipidomics,  clathrin,  mass 
spectrometry. 

Lysophosphatidic  acid  (LPA;  l-acyl-2 
hydroxy-sn-glycero  3-phosphate)  is  a 
pleiotropic  lipid  signalling  molecule  that 
evokes  a  broad  array  of  cellular  responses 
including  proliferation,  tumor  cell  invasion, 
neurite  retraction,  cytoskeletal 

rearrangements  and  smooth  muscle 
contraction.  Generally,  lysophosphatidic  acid 
triggers  physiological  responses  through 
interaction  with  specific  plasma  membrane 
receptors  called  LPA(l-4).  There  is  however 
increasing  evidence  in  support  of  intracellular 
proteins  that  interact  with  LPA.  We  employed 
Affi-Gel-immobilized  LPA  to  isolate 
cytoplasmic  proteins  that  interact  with  this 
lysophospholipid.  Among  several  candidate 
proteins  retained  by  this  affinity  matrix, 
pyruvate  kinase,  clathrin  heavy  chain  and  heat 
shock  protein  70  (Hsp70)  were  identified  by 
mass  spectrometry.  Isothermal  titration 
calorimetry  shows  that  pyruvate  kinase 
contains  two  binding  sites  for  LPA  (Ka  ~107  M" 

1  and  Ka  ~  106  M'1).  Furthermore,  LPA 
dissociates  enzymatically  active  pyruvate 
kinase  tetramers  into  inactive  dimers,  and  is 
maximally  active  at  concentrations  close  to  its 
critical  micelle  concentration.  These  effects 
were  not  mimicked  by  other  lysophospholipids. 

Co-immunoprecipitation  experiments  show 
that  pyruvate  kinase  interacts  with  clathrin 
and  Hsp70,  and  confocal  imaging  revealed  co¬ 
localization  between  clathrin  and  pyruvate 


kinase  in  the  perinuclear  region  of  cells.  Our 
data  suggest  that  pyruvate  kinase  partly  exists 
in  complex  with  clathrin  at  subcellular 
membranous  areas,  and  that  locally  increased 
LPA  levels  can  trigger  inactivation  of  the 
metabolic  enzyme. 

Lysophosphatidic  acid  (LPA;  l-acyl-2 
hydroxy-.s'«~g]ycero  3-phosphate)  is  one  of  the 
simplest  natural  phospholipids  and  a  precursor  in 
the  de  novo  biosynthesis  of  phospholipids.  In 
recent  years,  it  has  become  clear  that  this 
lysophospholipid  mediates  various  cellular 
processes,  such  as  proliferation,  differentiation, 
survival,  migration,  adhesion,  invasion,  and 
morphogenesis  (1-3). 

Blood  serum  LPA  is  secreted  by 
activated  platelets,  activated  adipocytes,  neuronal 
cells,  and  other  cell  types  (4-6).  Although 
mechanisms  of  LPA  synthesis  in  individual  cell 
types  remain  to  be  elucidated,  serum  LPA  is 
produced  by  multiple  enzymatic  pathways  that 
involve  monoacylglycerol  kinase,  phospholipase 
Al,  secretory  phospholipase  A2,  and 
lysophospholipase  D  (lysoPLD),  including 
autotaxin  (5;7;8). 

Extracellular  LPA  evokes  biological 
responses  that  are  mediated  through  the 
activation  of  four  G  protein-coupled  receptors 
(LPA  1-4)  (9).  In  serum,  LPA  binds  to  gelsolin 
(10)  and  albumin  (the  main  extracellular  LPA 
binding  protein)  with  a  nanomolar  range  affinity 
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for  the  phospholipid  and  a  stoichiometry  of  about 
3  mol  of  LPA/mol  of  albumin  (11 ;  12).  Although 
important  progress  has  been  made  in  the 
understanding  of  the  extracellular  effects  of  LPA 
and  its  role  in  disease  states  such  as  cancer 
progression  and  atherosclerosis,  the  role  of 
intracellular  LPA  has  only  recently  been 
recognized.  The  role  of  intracellular  LPA  as  an 
intermediate  in  the  early  steps  of  phospholipid 
biosynthesis  is  well  established.  This  process 
occurs  in  the  endoplasmatic  reticulum,  where 
LPA  is  formed  from  glycerol-3-phosphate  by 
acylCoA  and  then  further  acylated  to 
phosphatidic  acid  (PA),  the  precursor  of  all 
glycerophospholipids. 

Weigert  et  al.  (13)  showed  that 
CtBP/BARS,  a  protein  that  is  involved  in  Golgi 
tubule  dynamics,  is  an  essential  component  of  the 
fission  machinery  operating  at  the  Golgi  tubular 
network.  These  authors  found  that  CtBP/BARS 
uses  acyl-CoA  to  selectively  catalyze  the 
acylation  of  LPA  to  PA  both  in  pure  lipidic 
systems  and  in  Golgi  membranes,  and  this 
reaction  is  essential  for  fission.  Addition  of  LPA 
enhances  the  reaction  and  induces  massive 
fission/defragmentation  of  the  Golgi  tubular 
networks  whereas  other  lysolipids  have  no  effect. 
Lipid  microdomains  rapidly  interconverting  LPA, 
PA  and  diacylglycerol,  have  the  potential  to 
facilitate  the  overall  process  of  fission  through 
coordinated  changes  in  local  membrane 
curvature.  The  lipid  machinery  probably  involves 
other  proteins.  The  best-characterized  fission 
protein  so  far  is  dynamin,  which  acts  in  concert 
with  other  proteins  at  the  neck  of  endocytic 
vesicles.  The  dynamin  binding  protein  endophilin 
is  required  for  the  formation  of  endocytic  vesicles 
and  has,  like  CtBP/BARS,  LPA  acyltransferase 
activity  (14). 

Intracellularly,  LPA  binds  to  fatty  acid 
binding  proteins  (FABP).  The  liver-type  FABP 
(11)  exhibits  micromolar  range  affinity  for  LPA 
and  allows  the  transport  of  mitochondrial  LPA  to 
microsomes  in  order  to  be  acylated  into  PA  (15). 
Gelsolin  could  also  play  an  important  role  in  LPA 
binding  and  transport.  Cytoplasmic  gelsolin 
binds,  severs  and  caps  actin  filaments.  LPA  as 
well  as  phosphoinositides  containing  D3-  and  D4- 
phosphate  group  bind  to  gelsolin,  promoting  actin 
filament  uncapping  and  thus  providing  sites  for 
actin  assembly  (16).  Recently,  a  role  for 
intracellular  LPA  as  a  signaling  molecule  has 
been  suggested  by  the  finding  that  LPA  (at 
relatively  high  doses)  can  compete  with  a 
synthetic  ligand  for  binding  to  the  nuclear 


transcription  factor  peroxisome  proliferator- 
activated  receptor  y  (PPARy).  Extracellular  LPA 
induces  PPARy-mediated  reporter  gene 
transcription  in  an  LPA  receptor-independent 
manner.  It  was  also  shown  that  LPA  enhanced 
expression  of  endogenous  CD36  through  PPARy. 
CD36  is  involved  in  internalizing  oxidized  LDL 
in  monocytes  leading  to  formation  of  foam  cells 
that  are  rich  in  cholesterolesters  (17).  This  is  an 
early  event  in  the  formation  of  atherosclerotic 
plaques  and  Zhang  and  colleagues  have  indeed 
demonstrated  that  LPA  activation  of  PPARy  can 
lead  to  accumulation  of  cells  in  the  arterial  wall 
(18).  Intracellular  LPA  is  also  a  potent  regulator 
of  the  subfamily  of  mechano-gated  K2p  channels 
comprising  TREK-1,  TREK-2  and  TRAAK. 
Channel  mechano-sensitivity  is  drastically  and 
reversibly  altered  by  intracellular  LPA  (19). 

A  recurring  theme  in  studies  on  lipid 
mediators  is  their  possible  signaling  role  inside 
the  cell.  In  order  to  identify  intracellular  LPA 
binding  proteins  we  designed  an  affinity  matrix 
consisting  of  a  LPA  analog  covalently  linked  to 
Affi-Gel  10.  After  incubation  of  cell  extracts 
with  this  affinity  matrix,  several  LPA-binding 
proteins  were  isolated  and  identified  by  mass 
spectrometry.  As  a  proof-of-principle,  validation 
and  characterization  of  one  of  these  LPA-binding 
proteins,  pyruvate  kinase,  is  described. 


Experimental  procedures 

Reagents-RdbbW.  muscle  pyruvate  kinase  was 
purchased  from  MP  Biomedicals,  Inc.  (Aurora, 
USA).  Lactate  dehydrogenase  was  from 
Calbiochem  (San  Diego,  USA). 
Phosphoenolpyruvate,  ADP,  NADH, 
lysophosphatidylcholine,  lysophosphatidylserine, 
lysophosphatidyinositol  and  clathrin  heavy  chain 
antibody  were  all  purchased  from  Sigma  (St 
Louis,  USA).  LPA  (18:1),  LPA  (14:0)  and  LPA 
(6:0)  were  from  Avanti  polar  lipids  (Alabaster, 
USA).  Alexa  594-conjugated  goat  anti-mouse 
and  Alexa  488-conjugated  rabbit  anti-goat  were 
obtained  from  Molecular  Probes  (Eugene,  USA). 
Molecular  mass  markers  for  SDS-PAGE  were 
from  Bio-Rad  (Hercules, USA). 

Phenylmethylsulfonyl  fluoride  was  from  Serva 
(Heidelberg,  Germany).  Other  protease  inhibitors 
were  from  Amersham  Biosciences  (Uppsala, 
Sweden).  Antibodies  against  pyruvate  kinase  and 
Hsp70  were  obtained  from  Abeam  (Cambridge, 
UK). 
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Synthesis  of  tethered  LPA  and  PA  ligands  and 
preparation  of  the  affinity  matrices-An  11- 
aminoundecanoyl-linked  LPA  analog  was 
synthesized  for  direct  immobilization  of  LPA  on 
Affi-Gel-10  beads  (20;21).  The  synthesis  started 
with  the  phosphorylation  of  rac-solketal  using 
dimethyl  chlorophosphate  in  the  presence  of 
tertiair  potassium  butanol  (7-BuOK)  (22). 
Hydrolysis  of  the  acetal  produced  a  diol,  which 
was  esterified  with  benzyloxycarbonyl  (Cbz) 
protected  1 1-aminoundecanoic  acid  selectively  at 
s«-l  position  at  0°C  using 
dicyclohexylcarbodiimide  and  4- 

(dimethylamino)pyridine  (DCC/DMAP)  to 
produce  the  protected  1 1-aminoundecanoyl-LPA 
analog  (23).  Trimethylsilyl  bromide/methanol 
(TMSBr/MeOH)  treatment  resulted  in  elimination 
of  the  dimethyl  phosphate  and  Cbz  amino 
protecting  groups  at  the  same  time,  generating  the 
LPA-NH2,  (24)  which  was  then  coupled  to  Affi- 
Gel-10  in  anhydrous  methanol  with  a  trace  of 
triethylamine  (TEA).  Upon  addition  of,  the  NHS 
was  displaced  and  a  stable  amide  bond  was 
formed  (Fig.  1).  An  excess  of  Affi-Gel-10  was 
employed  to  completely  consume  the  aminoacyl 
LPA  and  to  produce  a  loading  of  approximately  1 
-  2  pmol/ml  resin.  Following  an  overnight 
reaction  with  ligand,  the  reaction  mixture  was 
treated  with  a  50-fold  excess  of  2-aminoethanol  to 
cap  any  remaining  reactive  ester  groups.  The 
reaction  was  monitored  by  increased  UV 
absorption  at  280  nm  due  to  the  NHS  release 
during  the  coupling  to  ligand.  As  the  fatty  acid  at 
the  sn- 1  position  anchors  LPA  to  the  Affi-Gel 
10  resin,  the  head  group  of  the  lysophospholipid 
is  expected  to  be  exposed  to  solvent  and  thus 
available  for  binding. 

To  prepare  the  control  aminoacyl-linked 
PA  affinity  resin,  intermediate  was  esterified  with 
6-carbobenzyloxyaminocaproic  acid  (DCC, 
DMAP,  0°C)  selectively  at  the  sn- 1  position,  and 
then  with  hexanoic  acid  at  sn- 2  position  (DCC, 
DMAP,  20°C).  The  resulting  protected 
aminoacyl-PA  analog  was  deprotected  as 
described  above  for  the  LPA  analog.  Coupling  of 
PA  with  Affi-Gel-10  proceeded  as  described  for 
the  aminoacyl-LPA  analog.  An  additional  control 
resin  with  no  ligand  was  prepared  by  reaction  of 
Affi-Gel  10  with  excess  2-aminoethanol. 

Cell  culture  and  fractionation  and  lipid  affinity 
chromatography-MCFl  cells  were  maintained  in 
1/1  (v/v)  F12  nutrient  mixture  (Ham,  Invitrogen) 
with  L-glutamin  and  Dulbecco’s  modified  Eagle’s 
medium  (DMEM,  Invitrogen),  supplemented  with 
10%  fetal  bovine  serum  (Invitrogen,  Merelbeke, 


Belgium),  100  U/ml  penicillin  and  0.1  mg/ml 
streptomycin.  HEK293T  cells  were  maintained 
in  Dulbecco’s  modified  Eagle’s  medium 
(DMEM,  Invitrogen),  supplemented  with  10% 
fetal  bovine  serum,  0.05%  L-glutamine,  100 
U/ml  penicillin  and  0.1  mg/ml  streptomycin. 

Cells  were  washed  twice  with  ice  cold 
phosphate-buffered  saline  (PBS)(  (2.7  mM  KC1, 
1.47  mM  KH2P04,  137  mM  NaCl,  8.1  mM 
Na2HP04,  pH  7.4)  and  1  ml  of  lysis  buffer  (50 
mM  Tris-HCl,  pH  7.4,  150  mM  NaCl,  2  mM 
EDTA,  50  mM  sodium  fluoride,  1  mM  sodium 
ortho-vanadate,  0.1%  Tween  20,  1  mM 

phenylmethylsulfonyl  fluoride,  and  protease 
inhibitors  (Roche,  Basel,  Switzerland).  The 
mixture  was  sonified  and  centrifuged  at  20,000  x 
g  in  a  micro  centrifuge  for  10  min  at  4°C  to 
remove  insoluble  cell  debris.  LPA  beads,  stored 
in  20%  ethanol,  were  equilibrated  with  three 
washes  in  lysis  buffer.  In  a  typical  binding 
reaction,  1  ml  cytosol  (containing  2  mg  total 
protein)  was  mixed  with  5  pi  of  settled  beads  on 
ice.  The  tubes  were  put  in  a  rotator  at  4°  C  for  2 
h.  Following  binding,  the  beads  were  quickly 
washed  three  times  with  lysis  buffer  and 
resuspended  in  Laemmli  sample  buffer,  and 
bound  proteins  were  analyzed  by  SDS-PAGE. 
Identification  of  Polypeptide  Bands  by  Q-TOF- 
Coomassie-stained  gel  bands  were  cut  out  of  the 
gel  and  transferred  to  a  Biopure®Eppendorf  tube 
(Eppendorf  AG,  Hamburg,  Germany).  After 
washing  with  water  (HPLC  graded,  Baker 
Malinckrodt  B.V.,  Amsterdam,  the  Netherlands), 
50%  (v/v)  acetonitrile  (Baker  Malinckrodt  B.V.) 
in  water  and  100%  acetonitrile,  they  were 
submerged  in  50  mM  ammonium  bicarbonate  at 
pH  8.0  and  digested  using  trypsin.  The  digestion 
proceeded  overnight  at  37°C  and  was  stopped  by 
acidification  through  the  addition  of  formic  acid. 
After  centrifugation,  the  peptide  mixture  was 
transferred  to  a  new  Eppendorf  tube,  dried  and 
re-dissolved  in  20  pi  of  0. 1  %  formic  acid  in  2/98 
(v/v)  acetonitrile/water  (solvent  A).  1 0  pi  of  this 
peptide  mixture  was  applied  for  nano-LC- 
MS/MS  analysis  on  a  Waters  CapLC  (Waters 
Corporation,  Milford,  MA,  USA)  on-line 
connected  to  a  Q-TOF1  mass  spectrometer 
(Waters-Micromass  UK  Limited,  Cheshire,  UK). 
The  sample  was  first  trapped  on  a  trapping 
column  (PepMap™  C18  column,  0.3  mm  I.D.  x 
5mm,  Dionex  (Amsterdam,  The  Netherlands)). 
After  back-flushing  from  the  trapping  column, 
the  sample  was  loaded  on  a  75  pm  I.D.  x  150 
mm  reverse-phase  column  (PepMap™  Cl 8, 
Dionex  (Amsterdam,  The  Netherlands)). 
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Following  a  5  min  wash  with  solvent  A,  the 
peptides  were  eluted  with  a  linear  gradient  of  4% 
solvent  B  (0.1%  FA  in  water/acetonitrile  (3/7, 
v/v))  increase  per  minute  at  a  constant  flow  rate 
of  5  u  1/m  in.  Using  data  dependent  acquisition, 
doubly  or  triply  charged  ions  with  intensities 
above  threshold  40  were  selected  for 
fragmentation.  During  MS/MS  analysis,  a  cone 
voltage  of  30  V  and  a  scan  time  of  1  s  with  an 
inter  scan  time  of  0.07  s  was  used.  Data 
acquisition  was  initiated  15  min  following  the 
start  of  the  gradient.  The  fragmentation  spectra 
were  converted  to  peaklist  (pkl)  files  using  the 
Masslynx®  software  (version  3.5,  Micromass) 
and  were  searched  using  the  MASCOT  database 
search  engine  (http://www.matrixscience.com) 
against  the  SwissProt  database  with  restriction  to 
human  proteins.  Peptide  mass  tolerance  was  set  at 
0.25  Da  and  peptide  fragment  mass  tolerance  at 
0.3  Da,  with  the  ESI-QUAD-TOF  as  selected 
instrument  for  peptide  fragmentation  rules. 
Variable  modifications  were  set  to  methionine 
oxidation,  pyroglutamate  formation  of  amino 
terminal  glutamine,  deamidation  (both  for 
asparagine  and  glutamine),  acetylation  of  the  N- 
terminus  and  propionamide  modification  of 
cysteines. 

Isothermal  titration  calorimetry- 
Microcalorimetric  titration  measurements  were 
performed  in  a  Microcal  Omega  isothermal 
titration  calorimeter  (Microcal  Inc.,  Northampton, 
MA).  All  solutions  were  degassed  under  vacuum 
prior  to  use.  In  a  typical  experiment,  1.33  ml  of 
60  pM  pyruvate  kinase  in  20  mM  Tris-HCI, 
150mM  NaCl,  pH  7.5  was  titrated  by  20  x  15  pi 
injections  with  400  pM  LPA.  During  titration,  the 
injection  syringe  was  rotated  at  250  ipm.  Time 
between  injections  was  set  at  5  min.  In  a  blank 
experiment,  heat  evolving  from  dilution  was 
measured  by  injecting  the  LPA  solution  into  the 
sample  cell  filled  with  20  mM  Tris-HCI,  150  mM 
NaCl,  pH  7.5.  This  heat  of  dilution  was  subtracted 
from  the  corresponding  LPA  binding  data  of 
pyruvate  kinase.  Data  were  integrated  and  fitted 
to  an  appropriate  binding  model  using  the 
ORIGIN  software  supplied  by  Microcal  Inc. 
Enzyme  activity  measurements-The  enzyme 
activity  was  measured  at  25  °C  in  a  coupled 
system  with  lactate  dehydrogenase  (LDH)  and 
NADH  (25).  Standard  assays  were  performed  in 
the  following  medium:  1.5  mM  ADP,  120  mM 
KC1,  62  mM  MgS04,  1.5  mM 
phosphoenolpyruvate,  0.22  mM  NADH  and  4 
units/mL  LDH  (which  represented  a  large  excess 
over  pyruvate  kinase)  in  50  mM  Imidazole-HCl 


buffer  at  pH  7.6.  The  reaction  was  initiated  by 
the  addtion  of  5  pL  of  pyruvate  kinase  to  the 
cuvette  containing  0.5  ml  of  the  above  medium 
and  was  monitored  by  the  decrease  in  absorbance 
at  340  nm  for  5  min.  The  rate  of  reaction  was 
measured  from  the  initial  linear  region  of  the 
curve.  Pyruvate  kinase  activity  in  the  presence  of 
different  lysophospholipids  was  determined  after 
30  min  incubation  at  room  temperature.  Pyruvate 
kinase  concentration  was  determined  by 
absorption  measurements  at  280  nm,  using  an 
extinction  of  0.54  ml.mg  '.cm'1  (26). 

Gel  filtration  chromatography -'Wat,  was 
performed  on  a  Waters  Advanced  Protein 
Purification  System  apparatus,  using  a 
precalibrated  superdex  200  PG  1 0/60  column  (60 
x  1.0  cm),  and  0.05  M  Tris-HCI,  0.15  M  NaCl, 
pH  8.0  as  running  buffer.  Reference  markers 
were  Blue  dextran  (MW  2,000,000),  Ferritin 
(MW  450,000),  Catalase  (MW  240,000),  Lactate 
dehydrogenase  (MW  140,000),  Bovine  serum 
albumin  (MW  66,000),  Ovalbumin  (MW 
45,000),  Chymotrypsinogen  A  (MW  28,000), 
Myoglobuline  (MW  17,000),  Vitamin  B12  (MW 
1350)  and  Dinitrophenylasparagine  (MW  298). 

Nondenaturing  polyacrylamide 
gelelectrophores w-Pyruvate  kinase  was 
incubated  with  or  without  increasing  amounts  of 
LPA  (18:1)  on  ice  for  30  minutes.  Mixtures  were 
loaded  onto  a  6%  nondenaturing  polyacrylamide 
gel,  run  at  4°C  for  2  h  at  90  V  in  a  Tris-glycine 
buffer  pH  8.6.  Pyruvate  kinase  was  visualized  by 
Coomassie  staining. 

Circular  dichroism  measurements-Circular 
dichroism  measurements  were  carried  out  at 
room  temperature  on  a  Jasco  710 
spectropolarimeter  between  190  and  260  nm  in 
quartz  cells  with  a  path  length  of  0.1  cm.  Sixteen 
spectra  were  recorded  and  averaged.  Pyruvate 
kinase  was  diluted  to  a  concentration  of  0.1  mg 
ml'1  in  a  10  mM  sodium  phosphate  buffer.  The 
CD  spectra  of  pyruvate  kinase  in  the  presence  of 
different  lysophospholipids  were  recorded  after 
30  min  incubation  at  room  temperature  of  the 
enzyme  with  lipids  at  a  molar  ratio  of  1/100.  The 
spectra  were  corrected  for  minor  contributions  of 
lipids  by  subtracting  the  measured  spectra  of 
lipids  alone.  The  secondary  structure  of  pyruvate 
kinase  was  determined  by  curve  fitting  to 
reference  protein  spectra  using  the  CDNN 
program  (27).  The  helicity  of  pyruvate  kinase 
was  determined  from  the  mean  residue  ellipticity 
[0]  at  222  nm  (28). 
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Immunoprecipitation  experiments-Ce\\s  were 
washed  twice  in  ice-cold  PBS  and  lysed  in  PBS 
supplemented  with  0.5%  Nonidet  P-40,  10  mM 
sodium  fluoride,  8  mM  sodium-P- 
glycerophosphate  and  a  protease  inhibitor  cocktail 
mix  (Roche  Diagnostics).  Cells  were  disrupted  by 
sonication  and  centrifugation  at  4°  C  for  10 
minutes  (20,000  x  g).  We  incubated  1  mg  of 
proteins  overnight  with  affinity-purified 
antibodies  against  either  pyruvate  kinase,  Hsp70 
or  clathrin  heavy  chain  and  subsequently  with 
protein  G-Sepharose  (Amersham  Pharmacia 
Biotech, Uppsala, Sweden)  for  4  h.  Pellets  were 
washed  three  times  with  lysis  buffer,  boiled  for  5 
min  in  Laemmli  sample  buffer  and  fractionated 
by  SDS-PAGE  followed  by  western  blotting. 
Proteins  were  analysed  by  enhanced 
chemiluminescence  detection  (ECL,  Amersham 
Pharmacia  Biotech,  Uppsala,  Sweden). 

Fluorescence  Microscopy  and 

Immunocytochem  is  try- The  cells  were  fixed  with 
3%  para-formaldehyde,  permeabilized  in  0.1% 
Triton  X-100,  washed  in  PBS,  incubated  with 
primary  antibody  against  pyruvate  kinase  for  1  h 
at  37°C.  After  several  washes  with  PBS,  the  cells 
were  incubated  with  Alexa  488-conjugated 
donkey  anti-goat  secondary  antibody  30  min  at 
room  temperature.  Clathrin  staining  was 
performed  with  a  monoclonal  antibody  against 
clathrin  heavy  chain  and  Alexa  594-conjugated 
goat  anti-mouse  as  secondary  antibody. 
Photographs  were  taken  with  a  Zeiss  model 
LSM410  inverted  on  the  basis  of  a  Zeiss  Axiovert 
100  microscope  (Carl  Zeiss  B.V.,  Sliedrecht,  the 
Netherlands). 

Miscellaneous-  Protein  concentrations  were 
determined  by  the  method  of  Bradford  (29)  using 
bovine  serum  albumin  as  a  standard.  We  carried 
out  SDS-PAGE  according  to  Matsudaira  and 
Burgess  (30).  Western  blot  was  done  by  the 
method  of  Towbin  et  al.  (31).  The  fluorescent 
probe  2-(p-toluidinyl)-naphtalene-6-sodium 
sulfonate  (TNS)  was  used  to  determine  the  critical 
micelle  concentration  of  LPA  18:1  and  LPA  14:1. 
Upon  mixing  of  TNS  with  the  lysophosholipid,  a 
large  increase  in  fluorescence  is  observed  if  the 
lipid  exceeds  the  critical  micelle  concentration 
(32). 

Results 

Synthesis  of  LPA  and  PA  affinity  matrices 

To  enable  the  isolation  of  novel  LPA- 
binding  proteins,  we  designed  immobilized  LPA 
and  PA  resins  as  shown  in  Figure  1  (for  PA  resin, 


see  also  (33)).  An  1 1-aminoundecanoyl-linked 
LPA  analog  (4)  was  synthesized  for  direct 
immobilization  of  LPA  on  Affi-Gel-10  beads 
(20;21).  LPA-NFL  (4),  (24)  was  coupled  to  Affi- 
Gel-10  in  anhydrous  methanol  with  a  trace  of 
triethylamine  (TEA).  The  anhydrous  organic 
solvent  was  used  to  minimize  hydrolysis  of  NHS 
esters  that  occurs  in  aqueous  solutions.  Upon 
addition  of  (4),  the  NHS  was  displaced  and  a 
stable  amide  bond  was  formed  (Fig.  1).  An 
excess  of  Affi-Gel-10  was  employed  to 
completely  consume  the  aminoacyl  LPA  (4)  and 
to  produce  a  loading  of  approximately  1  -  2 
pmol/ml  resin.  This  loading  minimizes 
premature  clogging  of  the  resin  by  nonspecific 
protein  adsorption.  Following  an  overnight 
reaction  with  ligand,  the  reaction  mixture  was 
treated  with  a  50-fold  excess  of  2-aminoethanol 
to  cap  any  remaining  reactive  ester  groups.  The 
reaction  was  monitored  by  increased  UV 
absorption  at  280  nm  due  to  the  NHS  release 
during  the  coupling  to  ligand  (4).  As  the  fatty 
acid  at  the  sn- 1  position  anchors  LPA  to  the  Affi- 
Gel  10  resin,  the  head  group  of  the 
lysophospholipid  is  expected  to  be  exposed  to 
solvent  and  thus  available  for  binding. 

To  prepare  the  control  aminoacyl-linked  PA 
affinity  resin  the  aminoacyl  PA  analog  (7)  was 
coupled  with  Affi-Gel-10  as  described  for  the 
aminoacyl-LPA  analog.  An  additional  control 
resin  with  no  ligand  was  prepared  by  reaction  of 
Affi-Gel  10  with  excess  2-aminoethanol. 

Isolation  and  identification  of  Cytosolic  Proteins 
that  interact  with  LPA 

We  used  HEK293T  and  MCF-7  cells  as 
a  source  of  material  for  isolation  of  LPA-binding 
proteins.  After  incubation  with  the  LPA  beads, 
unbound  material  was  removed  with  several 
washes.  The  bound  proteins  were  separated  by 
SDS-PAGE  and  visualized  by  Coomassie 
staining  (Fig.2).  It  should  be  noted  that  the 
protein  pattern  of  MCF-7  cells  is  very  similar  to 
the  pattern  of  HEK293T  cells.  The  identity  of 
LPA-binding  polypeptides  was  established  by  Q- 
TOF  mass  spectrometry.  In  total,  12  polypeptides 
were  identified.  Among  the  candidate  LPA 
interacting  proteins,  we  further  examined 
pyruvate  kinase,  clathrin  heavy  chain  and  Heat 
Shock  Protein  70  (Hsp70)  because  of  their 
relatively  high  abundance.  The  identity  of 
pyruvate  kinase,  clathrin  heavy  chain  and  Hsp70 
were  also  confirmed  by  western  blotting  (data 
not  shown).  To  validate  our  method, 
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commercially  available  pyruvate  kinase  Ml  was 
further  characterized  with  respect  to  its  lipid¬ 
binding  properties  using  isothermal  titration 
calorimetry  (ITC). 

Binding  of  rabbit  muscle  pyruvate  kinase  to 
lysophospholipids 

The  interaction  of  pyruvate  kinase  with 
lysophosphatidic  acid  was  studied  by  ITC.  Fig.3 
shows  a  typical  experiment  in  which  LPA 
solution  was  injected  into  the  pyruvate  kinase 
solution  in  the  sample  cell.  Fig.  3A  shows  the  raw 
data  and  Fig.  3B  shows  the  integrated  released 
heat  as  a  function  of  the  molar  ratio  of 
LPA/pyruvate  kinase.  After  subtraction  of  the 
control  (injection  of  lysophosphatidic  acid  into 
buffer)  the  binding  isotherm  clearly  shows  an 
exothermic  process  with  two  binding  sites.  The 
solid  line  represents  the  best  fit  of  the  data.  The 
highest  affinity  binding  site  shows  a  Ka  value  of 
~107  M'1  with  a  stoichiometry  of  -0.25  mole 
LPA/mole  pyruvate  kinase  and  a  reaction 
enthalpy  of  -  9  kcal/mol.  The  second  binding  site 
has  a  Ka  value  of  ~  106  M"1  with  a  stoichiometry 
of  -  0.75  mole  LPA/mole  pyruvate  kinase  and  an 
enthalpy  change  of  -  4  kcal/mol.  As  pyruvate 
kinase  exists  as  a  tetramer  in  solution  (34).  These 
data  suggest  that  one  tetramer  of  pyruvate  kinase 
binds  four  mol  LPA.  Titration  of  pyruvate  kinase 
with  lysophosphatidylcholine  (LPC)  or 
lysophosphatidylserine  (LPS)  showed  no  specific 
heat  release  after  subtraction  of  the  control 
(injection  of  the  lysophospholipid  into  buffer) 
(data  not  shown). 

Binding  of  pyruvate  kinase  to  LPA  is  direct  and 
specific 

To  examine  the  specificity  of  pyruvate 
kinase-LPA  and  clathrin-LPA  interaction  we 
incubated  MCF-7  cell  lysate  with  Affi-Gel  10 
beads  coupled  to  LPA,  PA  or  phosphatidylinositol 
4,5  bisphosphate  (PIP2).  Western  blot  analysis 
showed  that  pyruvate  kinase  was  strongly 
enriched  by  the  LPA  matrix,  weak  interaction 
occurred  with  the  PA  matrix,  and  no  retention 
was  observed  on  the  PIP2  matrix.  Clathrin  was 
also  retained  by  the  LPA  beads  (Fig.4A)  but  there 
was  no  significant  signal  following  incubation 
with  the  PA  beads.  In  both  cases  there  was  no 
interaction  with  Affi-Gel  beads.  Furthermore,  if 
binding  of  pyruvate  kinase  to  immobilized  LPA  is 
specific,  then  soluble  LPA  should  compete  and 
reduce  the  interaction  between  immobilized  LPA 


and  pyruvate  kinase.  We  competed  for  binding  of 
pyruvate  kinase  to  Affi-Gel-coupled  LPA  with 
hexanoyl  LPA  (C6:0)  or  oleoyl  LPA  (18:1). 
When  pyruvate  kinase  was  preincubated  with 
monomeric  LPA  (C6:0),  no  competition  was 
noticed  (Fig  4B,  lane  9-12),  whereas 
preincubation  with  increasing  concentrations 
LPA  (Cl 8:1)  gradually  abolished  binding  of 
pyruvate  kinase  to  the  LPA  matrix  (Fig.  4B, 
lanes  2-8). 

Effect  of  lysophospholipids  on  pyruvate  kinase 
activity 

The  activity  of  pyruvate  kinase  was 
examined  in  the  presence  of  hexanoyl  LPA  (6:0), 
myristoyl  LPA  (14:0)  or  oleoyl  LPA  (18:1)  (Fig 
5A).  No  effect  was  seen  with  hexanoyl  LPA 
(6:0)  over  the  entire  concentration  range  (0-600 
pM).  With  LPA  (14:0)  and  LPA  (18:1),  the 
activity  was  reduced  at  concentrations  higher 
than  400  pM  and  50  pM,  respectively.  These 
concentrations  are  approximately  the  critical 
micellar  concentration  (CMC)  of  LPA  (14:0)  and 
LPA  (18:1).  Indeed,  measurements  with  2-(p- 
toluidinyl)-naphtalene-6-sodium  sulfonate  (TNS) 
yielded  CMC  values  of  -370  pM  and  -50  pM 
for  LPA  (14:0)  and  LPA  (18:1),  respectively 
(data  not  shown).  At  concentrations  above  the 
CMC  of  LPA  (18:1),  pyruvate  kinase  activity 
was  almost  completely  abolished. 

We  also  measured  the  activity  of 
pyruvate  kinase  in  the  presence  of  different 
lysophospholipids  (Fig.  5B). 

Lysophosphatidylcholine  (LPC)  and 
lysophosphatidylserine  (LPS)  had  no  significant 
effect  on  pyruvate  kinase  activity,  even  at  lipid 
concentrations  exceeding  their  CMC. 
Lysophosphatidylinositol  (LPI)  only  showed  a 
minor  effect  at  higher  concentrations.  We 
therefore  conclude  that  LPA  inhibits  pyruvate 
kinase  activity  more  specifically  than  other 
lysophospholipids. 

Strong  binding  of  LPA  to  pyruvate 
kinase  at  concentrations  close  to  its  CMC  was 
also  noticed  following  non-denaturing  gel 
electrophoresis  (Fig.  5C).  A  sharp  decrease  in 
lipid-free  pyruvate  configuration  was  observed  at 
LPA  concentrations  of  50  pM  and  higher. 

LPA  dissociates  active  pyruvate  kinase  tetramers 
into  inactive  dimers 

It  has  been  documented  that  mammalian 
pyruvate  kinase  switches  between  a  less  active 
dimeric  form  and  a  highly  active  tetrameric  form 
(34).  We  investigated  by  gel  filtration 
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chromatography  if  the  decrease  in  activity  of 
pyruvate  kinase  upon  incubation  with  LPA  (18:1) 
was  due  to  conversion  of  the  tetrameric  form  into 
a  dimeric  form.  Elution  profiles  of  pyruvate 
kinase  in  buffer  before  and  after  incubation  with 
lysophospholipids  at  a  1/100  pyruvate  kinase/lipid 
molar  ratio  on  a  calibrated  Superdex  200  PG 
column  are  shown  in  Fig.  6.  Pyruvate  kinase  in 
buffer  elutes  from  the  column  as  a  tetramer  with 
an  apparent  molecular  weight  of  233  kDa.  Upon 
incubation  with  LPA  (18:1)  at  a  1/100  molar 
ratio,  two  fractions  eluted  from  the  column  with 
apparent  molecular  weights  of  233  and  100  kDa, 
respectively.  The  second  peak  most  likely 
corresponds  with  a  dimer  of  pyruvate  kinase. 
Pyruvate  kinase  activity  in  the  top  fraction  of  both 
peaks  was  measured:  the  first  fraction  retains  full 
activity  whereas  the  second  peak  was  completely 
devoid  of  activity  (data  not  shown).  This  effect 
was  again  specific  for  LPA  since  LPC,  LPS  or 
LPI  promoted  no  dissociation  of  pyruvate  kinase 
at  molar  ratios  similar  to  LPA. 

Effect  of  lysophospholipids  on  the  secondary 
structure  of  pyruvate  kinase 

The  circular  dichroism  (CD)  spectra  of 
pyruvate  kinase  in  phosphate  buffer  with  or 
without  LPA,  LPC,  LPS  or  LPI  are  shown  in  Fig. 
7.  The  CD  spectrum  of  pyruvate  kinase  in 
phosphate  buffer  is  indicative  of  an  alpha  helical 
structure  (35)  (characteristic  minima  at  208  and 
222  nm).  Upon  incubation  with  LPA  the  alpha 
helicity  is  increased  from  ~32  to  ~  36%  at  the 
expense  of  random  coil.  Incubation  with  LPC  or 
LPS  did  not  affect  the  secondary  structure  of 
pyruvate  kinase,  whereas  LPI  also  slightly 
increased  the  a  helical  structure  These  data 
suggests  that  LPA  does  not  unfold  the  enzyme 
although  it  induces  dissociation  of  the  tetrameric 
configuration  into  an  inactive  dimeric  form. 


Pyruvate  kinase  Forms  a  Complex  with  clathrin 
and  Hsp70 

Hsp70,  clathrin  heavy  chain  and  pyruvate 
kinase  were  identified  in  this  study  as  possible 
LPA  binding  proteins.  Pyruvate  kinase  has  been 
reported  to  interact  directly  with  HERC1  (36). 
HERC1  is  a  giant  protein  of  almost  5000  amino 
acids  long,  and  is  localized  in  inner  cell 
membranes  such  as  the  Golgi  apparatus  and 
purportedly  plays  a  role  in  intracellular  traffic 
(37).  Because  HERC1  forms  a  cytoplasmic 


ternary  complex  with  clathrin  and  Hsp70  (38)  we 
investigated  whether  pyruvate  kinase  could  form 
a  complex  with  clathrin  and  Hsp  70  by  co- 
immunoprecipitation  assays. 

Immunoprecipitation  of  pyruvate  kinase  from 
MCF-7  cells  with  a  polyclonal  antibody  followed 
by  western  blotting  showed  co-precipitation  of 
clathrin  but  not  of  Hsp70  (Fig.  8A,  lane  1). 
Conversely,  clathrin  heavy  chain 
immunoprecipitation  with  a  monoclonal  antibody 
revealed  that  both  Hsp70  and  pyruvate  kinase  are 
present  in  the  complex  (Fig.  8B,  lane  1).  These 
findings  suggest  that  clathrin  heavy  chain  and 
Hsp70  may  be  retained  by  immobilized  LPA 
through  interaction  with  pyruvate  kinase, 
although  it  does  not  exclude  a  direct  interaction 
between  Hsp70  or  clathrin  with  LPA. 

Clathrin  and  pyruvate  kinase  partly  co-localize 
in  MCF-7  cells 

The  subcellular  localization  of 
endogenous  clathrin  and  pyruvate  kinase  was 
studied  by  indirect  immunofluorescence  and 
confocal  microscopy  in  MCF-7  cells  (Fig.  9). 
Both  proteins  displayed  a  punctate  staining. 
Whereas  pyruvate  kinase  appeared  distributed 
uniformly  in  the  cytoplasm  with  occasional 
enrichment  in  particular  areas,  clathrin  showed 
enrichment  in  the  perinuclear  area  in  addition  to 
a  characteristic  dot-like  distribution  in  the 
cytoplasm.  This  punctate  staining  may  suggest 
that  these  proteins  interact  with  intracellular 
membranous  structures  (36;39).  Of  note, 
superposition  of  both  images  showed  a  partial 
overlap  in  distinct  areas  of  the  cell,  particularly 
in  the  perinuclear  region,  with  occasional  co¬ 
localization  in  isolated  cytoplasmic  membranous 
compartments. 

Discussion 

Relatively  few  intracellular  binding 
partners  for  LPA  have  been  recognized  in  recent 
years.  Proteins  identified  so  far  include 
CtBP/BARS  (13),  L-FABP  (11)  and  gelsolin 
(10;16).  LPA  is  also  a  ligand  for  PPARy  (17)  and 
was  acknowledged  more  recently  as  a  regulator 
of  mechano-gated  K2P  channels  comprising 
TREK- 1 ,  TREK-2  and  TRA AK  (19). 

For  easier  isolation  and  purification  of 
novel  LPA-binding  proteins,  we  used  a  solid 
phase  approach  involving  Affi-Gel-immobilized 
LPA.  Here  we  describe  the  isolation  of  LPA 
binding  proteins  from  representative  mammalian 
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cells  coupled  to  identification  by  mass 
spectrometry.  Although  several  proteins  were 
identified,  their  individual  binding  characteristics 
and  affinity  for  the  phosholipid  have  not  been 
determined  in  each  case.  In  addition  our  approach 
does  not  rule  out  the  possibility  that  some 
proteins  bind  indirectly  to  the  LPA  matrix 
through  interaction  with  another  polypeptide 
present  in  the  sample.  In  fact,  the  association 
reported  here  between  pyruvate  kinase  M  (the  Ml 
and  M2  isozyms)  and  clathrin  heavy  chain/Hsp70 
may  well  represent  such  an  example. 

We  focused  on  pyruvate  kinase  given  the 
relatively  high  abundance  of  peptides  that  were 
identified  (this  is  also  evident  from  the  Coomassie 
stained  gel  in  Fig.  2).  To  investigate  if  pyruvate 
kinase  can  bind  directly  to  LPA,  the  interaction 
was  measured  in  solution  by  ITC.  The 
LP A/pyruvate  kinase  interaction  proved  to  be  an 
exothermic  process  with  an  affinity  in  the 
micromolar  range.  A  number  of  reports  have 
shown  that  pyruvate  kinase  and  other  glycolytic 
proteins  can  reversibly  associate  with  subcellular 
membrane  structures  (reviewed  in  (40)).  Local 
regulation  of  the  glycolysis  pathway  in  a  cell  and 
ATP  compartmentation  are  hypothesized  to  be 
coupled  to  the  function  of  organelles  within  the 
cell.  Several  studies  have  demonstrated  that 
glycolytic  enzymes  (phosphoglycerate  kinase, 
aldolase,  phosphofructokinase,  lactate 

dehydrogenase,  glucose-3 -phosphate 

dehydrogenase,  hexokinase)  can  associate  in  vitro 
with  phospholipid  bilayers  (41;42).  Most  of  the 
studied  glycolytic  enzymes  are  inactivated  upon 
interaction  with  membranes  or  phospholipids 
(40;43-46).  However,  Dabrowska  et  al.  (41) 
demonstrated  that  pyruvate  kinase  activity 

increases  upon  interaction  with  certain 

phospholipids,  especially  with  phosphatidylserine 
incorporated  in  liposomes.  Phosphatidylserine  is 
an  anionic  phospholipids  like  LPA,  We  therefore 
investigated  if  LPA  could  also  affect  the 
enzymatic  activity  of  pyruvate  kinase.  Our  data 
show  that  LPA  (18:1)  decreases  pyruvate  kinase 
activity,  while  other  lysophospholipids  (LPC,  LPI 
and  LPS)  do  not  affect  its  activity.  Moreover,  at 
concentrations  above  the  CMC  of  LPA,  pyruvate 
kinase  activity  is  lost.  This  is  clearly 

demonstrated  with  LPA  (18:1)  and  LPA  (14:0) 
which  have  CMC  values  of  50  pM  and  370  pM, 
respectively,  whereas  the  short  LPA  (6:0),  which 
does  not  form  micelles,  has  no  effect  at  all  on  the 
activity  of  pyruvate  kinase.  These  results  could 
indicate  that  an  organized  lipid  structure  is 
necessary  for  functional  interaction  between  the 


enzyme  and  phospholipids.  This  was  also 
claimed  by  Terlecki  et  al.  (47)  for  lactate 
dehydrogenase-  phosphatidylserine  interaction. 
The  mammalian  M2  type  pyruvate  kinase 
isozyme  can  switch  between  a  less  active  dimeric 
form  and  a  highly  active  tetrameric  form,  which 
regulates  the  channeling  of  glucose  carbons 
either  to  synthetic  processes  (dimeric  form)  or  to 
glycolytic  energy  production  (tetrameric  form) 
(46).  Tumor  cells  are  usually  characterized  by  an 
overexpression  of  the  dimeric  form  leading  to 
strong  accumulation  of  all  glycolytic 
phosphometabolites  upstream  of  pyruvate  kinase 
in  the  glycolysis  pathway  (48-50).  On  the  other 
hand  LPA  is  also  known  to  enhance 
tumorigenesis  by  increasing  cellular  motility  and 
invasiveness  (2;22;51).  We  showed  that  LPA- 
pyruvate  kinase  interaction  can  lead  to 
dimerization  of  the  enzyme  in  vitro.  Upon 
incubation  with  micellar  LPA,  the  tetrameric 
pyruvate  kinase  dissociates  into  an  inactive 
dimer  as  demonstrated  by  gel  filtration 
chromatography.  Mobility  shifts  observed  in 
nondenaturing  gel  electrophoresis  additionally 
suggest  changes  in  pyruvate  kinase 
configuration.  The  observed  dissociation  into 
dimers  did  not  affect  the  secondary  structure  of 
the  enzyme  as  shown  in  the  circular  dichroic 
measurements.  This  dissociation  into  dimers  was 
not  observed  with  other  lysophospholipids. 

HERC  proteins  contain  one  or  more 
RCCl-like  domains  and  a  C-terminal  HECT 
domain  (homologous  to  E6-AP  (E6-associated 
protein)  C-terminus).  RCC1  is  a  GEF  (guanine 
nucleotide  exchange  factor)  for  the  small  GTPase 
and  nucleocytoplasmic  shuttling  protein  Ran. 
Several  HERC  proteins  have  been  recognized  as 
ubiquitin  ligases  (52).  In  order  to  identify 
proteins  that  interact  with  HERC1,  Rosa  et  al. 
(37;38)  used  several  HERC1  domains  as  baits  in 
the  yeast  two-hybrid  system.  They  found  that 
HERC1  forms  an  ATP-dependent  ternary 
complex  with  clathrin  and  Hsp70,  and  reported 
that  the  HECT  domain  of  HERC  1  interacts  with 
M2-type  pyruvate  kinase.  Since  we  identified 
pyruvate  kinase,  clathrin  heavy  chain  and  Hsp70 
as  possible  LPA  binding  proteins,  we  checked  if 
these  proteins  could  form  a  complex. 
Immunoprecipitation  experiments  with  HEK  or 
MCF-7  cellysates  indicate  that  pyruvate  kinase  is 
able  to  form  a  complex  with  clathrin.  We  did  not 
however  detect  co-immunoprecipitation  of 
Hsp70.  This  may  be  ascribed,  in  part,  to  overlap 
between  protein  interaction  sites  and  polyclonal 
antibody  recognition  sites  because 


8 


immunoprecipitation  experiments  with  clathrin 
heavy  chain  antibody  did  demonstrate  interaction 
between  clathrin  heavy  chain,  Hsp70  and 
pyruvate  kinase.  These  findings  may  suggest  that 
clathrin,  Hsp70,  pyruvate  kinase  and  HERC1  can 
form  a  complex  involving  LPA,  or  that  their 
interaction  is  regulated  by  LPA.  Endogenous 
pyruvate  kinase  and  clathrin  proteins  were  shown 
to  display  a  punctate  cytosolic  and  perinuclear 


staining  when  their  subcellular  localization  was 
analyzed  by  confocal  microscopy.  This 
presumably  indicates  that  both  proteins  are 
associated  with  membranous  compartments 
(36;39)  and  is  in  agreement  with  the  data 
reporting  pyruvate  kinase  activation  by  PS- 
containing  liposomes  (43).  LPA  might  thus  also 
play  a  role  in  tethering  pyruvate  kinase  to 
intracellular  membrane  structures. 
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The  abbreviations  used  are:  LPA,  lysophosphatidic  acid;  PA,  phosphatidic  acid;  LPI, 
lysophosphatidyl  inositol;  LPS,  lysophosphatidyl  serine,  LPC,  lysophosphatidylcholine;  PK,  pyruvate 
kinase;  FABP,  fatty  acid  binding  protein;  Hsp70,  Heat  shock  protein  70;  ITC,  isothermic  titration 
calorimetry;  SDS-PAGE,  sodium  dodecyl  polyacrylamide  gelelectrophoresis;  CMC,  critical  micelle 
concentration;  CD,  circular  dichroism;  ADP,  adenine  diphosphate;  NADH,  reduced  form  of 
nicotinamide  adenine  dinucleotide;  PBS,  phosphate  buffered  saline 


FIGURE  LEGENDS 

Fig.  1.  Synthesis  of  a  derivatized  LPA  analog  and  coupling  to  Affi-Gel-10.  The  co-amino 
functionalized  lysophosphatidic  acid  was  coupled  to  A-hydroxysuccinimide-activated  ester  resin,  Affi- 
Gel  10.  The  Affi-Gel  10  bead  is  shown  as  a  shaded  sphere. 

Fig.  2.  Coommassie  stained  polyacrylamide  gel  (10%)  revealing  proteins  retained  by  immobilized 
LPA  (C  18:1).  2  mg  cytosolic  proteins  (MCF-7  cells,  left;  HEK293T  cells,  right)  were  mixed  with 
either  control  Affi-Gel  beads  (lanel)  or  LPA  beads  (lane  2).  Proteins  retained  by  the  matrix  were 
eluted  with  Laemmli  sample  buffer  and  separated  by  SDS-PAGE.  Note  the  similar  pattern  between 
MCF-7  and  HEK293T  cells.  Major  bands  are  indicated  by  arrows.  Molecular  weight  markers  are 
shown  on  the  left. 

Fig,  3.  Lysophosphatidic  acid  -  pyruvate  kinase  binding  measured  by  isothermal  titration  calorimetry. 
The  top  panel  shows  raw  heat  data  obtained  from  20  injections  of  LPA  (Cl  8:1)  into  a  cell  containing 
60  pM  rabbit  muscle  pyruvate  kinase  (see  Materials  and  Methods).  The  last  6  peaks  correspond  to  heat 
of  dilution  and  show  that  all  of  pyruvate  kinase  is  saturated  with  LPA  (C18:l).  Bottom  panel:  binding 
isotherm  created  by  plotting  areas  under  the  peaks  against  the  molar  ratio  of  LPA  (Cl 8:1)  added  to 
pyruvate  kinase.  The  fit  (line)  corresponds  with  a  model  of  four  LPA  molecules  per  tetramer  of 
pyruvate  kinase. 

Fig.  4,  Specificity  of  clathrin  and  pyruvate  kinase  binding  to  LPA  C18: 1). 

A,  MCF-7  cell  lysate  was  incubated  with  control  Affi-Gel  beads  (lane  1),  LPA  (Cl 8:1)  beads  (lane  2), 
PA  beads  (lane  3)  or  PIP2  beads  (lane  4).  Retained  proteins  were  separated  by  SDS-PAGE,  blotted  and 
probed  with  anti-pyruvate  kinase  antibody  (left)  or  anti-clathrin  heavy  chain  antibody  (right).  B, 
Purified  pyruvate  kinase  ( 1  pM)  was  preincubated  with  0  pM  (lane  2),  5  pM  (lane  3),  1 0  pM  (lane  4) 
20  pM  (lane  5),  30  pM  (lane  6),  40  pM  (lane  7)  50  pM  (lane  8)  LPA  (Cl 8:1)  before  incubation  with 
LPA  beads.  In  lane  1  purified  pyruvate  kinase  (1  pM)  was  incubated  with  control  beads.  Lanes  9-12: 
preincubation  of  1  pM  pyruvate  kinase  with  0  pM  (lane  9),  50  pM  (lane  10),  100  pM  (lane  1 1)  or  200 
pM  (lane  12)  LPA  (C6:0)  before  incubation  with  LPA  beads.  Retained  pyruvate  kinase  was  visualized 
by  SDS-PAGE  and  coomassie  staining. 

Fig.  5.  Effect  of  lysophosphatidic  acid  on  pyruvate  kinase  activity. 

A,  0.5  pM  pyruvate  kinase  was  incubated  at  room  temperature  with  increasing  concentrations  of  LPA 
(18:1)  (■);  LPA  (14:0)  (A)  and  LPA  (6:0)(*)  B,  0.5  pM  pyruvate  kinase  was  incubated  at  room 
temperature  with  increasing  concentrations  of  LPA  (18:1)  (■);  LPC  (□);  LPS  (A)  and  LPI  (A). 
Activities  are  expressed  relative  to  the  activity  of  pyruvate  kinase  in  buffer  solution.  None  of  these 
lysophospholipids  has  an  effect  on  the  LDH  activity  (data  not  shown).  Symbols  represent  averages  ± 
standard  deviations  from  three  experiments.  C,  Non-denaturing  polyacrylamide  gel  electrophoresis  of 
pyruvate  kinase  without  LPA  (lane  1),  or  with  increasing  concentrations  of  LPA  (18:1)  at  pyruvate 
kinase/LPA  molar  ratios  of  1/10,  1/20,  1/50,  1/100  and  1/200,  respectively  (lanes  2  to  6). 

Fig.  6.  Dissociation  of  pyruvate  kinase  tetramers  by  LPA.  Elution  profiles  of  pyruvate  kinase  on  a 
Superdex  200  PG  column  are  shown  following  30  min  pre-incubation  with  lysophospholipids  at  room 
temperature  at  a  1/100  molar  ratio.  Pyruvate  kinase  pre-incubated  with  buffer  solution  (o);  LPA  (18:1) 
(■);  LPC  (□);  LPS  (A)  and  LPI  (A).  The  fluorescence  emission  of  tryptophane  was  used  to  monitor 
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elution  of  the  enzyme.  The  elution  position  of  internal  standards  is  indicated  by  arrows:  catalase  (1), 
lactate  dehydrogenase  (2),  ovalbumin  (3). 


Fig.  7.  LPA  increases  alfa  helicity  in  pyruvate  kinase.  Circular  dichroism  spectra  of  pyruvate  kinase 
are  shown  after  30  min  incubation  with  lysophospholipids  at  room  temperature  at  a  1/100  molar  ratio. 
Pyruvate  kinase  in  buffer  solution  (o);  LPA  (18:1)  (■);  LPC  (□);  LPS  (A)  and  LPI  (A).  Protein 
concentration  was  0.1  mg/ml  and  the  cuvette  path  length  was  0.1  cm. 

Fig.  8.  Pyruvate  kinase  occurs  in  a  complex  with  clathrin  heavy  chain  and  Hsp70.  MCF-7  cell  lysates 
were  immunoprecipitated  with  antibodies  against  pyruvate  kinase  (left)  or  against  clathrin  heavy  chain 
(right)  (lane  1).  The  immunoprecipitate  was  analyzed  for  the  presence  of  pyruvate  kinase,  Hsp70  or 
clathrin  heavy  chain  by  immunoblotting  with  specific  antibodies.  Lanes  2-4  represent  controls  :  non¬ 
specific  rabbit  IgG  (lane  2)  or  mouse  IgG  (lane  2);  crude  cell  lysate  (lane  3)  and  protein  G-Sepharose 
without  antibodies  (lane  4). 

Fig.  9.  Co-localization  of  endogenous  pyruvate  kinase  and  clathrin.  MCF-7  cells  were  fixed  and 
stained  for  pyruvate  kinase  or  clathrin  heavy  chain  and  analyzed  by  confocal  microscopy  (A)  Staining 
of  endogenous  pyruvate  kinase  in  MCF-7  cells  (green).  (B)  Staining  of  endogenous  clathrin  heavy 
chain  in  MCF-7  cells  (red).  (C)  Merged  image.  White  arrows  indicate  co-localization  between 
pyruvate  kinase  and  clathrin  heavy  chain.  Bar  =  10  pm. 
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